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Abstract 
 
Since DNA-SWCNT hybrids have a number of potential biomedical applications 
such as molecular sensing, drug delivery and cell imaging, it is essential to characterize 
them and to understand their structure and properties. Certain single stranded DNA 
(ssDNA) sequences are known to recognize their partner single wall carbon nanotube 
(SWCNT). We report here the activation energies for removal of several ssDNA sequences 
from a few SWCNT species by a surfactant molecule. We found that DNA sequences 
systematically have higher activation energy of dissociation from their carbon-nanotube 
recognition partner than on non-partner species.  Since the difference in binding affinity 
and difference in partitioning can depend on DNA structure on the single walled carbon 
nanotube (SWCNT), we studied the partitioning of the various DNA sequences in an 
aqueous two phase system. We found that for two sequences of same length, (CCA)10 on 
(6,5) SWCNT requires much higher amount of modulant to be moved from the relatively 
hydrophilic phase to the more hydrophilic phase as compared to (GT)15 on (6,5), 
suggesting that the solvation energy depends greatly on the DNA sequence. We also found 
that various sequences with the same length but different repeating units of two bases 
exhibit different hydration energies on the same SWCNT (6,5).  
Unlike the majority of DNA structures in bulk that are stabilized by canonical 
Watson-Crick pairing between Ade-Thy and Gua-Cyt, those adsorbed on surfaces are often 
stabilized by non-canonical base pairing, quartet formation, and base-surface stacking. 
All-atom molecular simulations of DNA bases in two cases - in bulk water and strongly 
adsorbed on a graphite surface – are conducted to study the relative strengths of stacking 
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and hydrogen bond interactions for each of the ten possible combinations of base pairs. 
We find that stacking interactions exert the dominant influence on the stability of DNA base 
pairs in bulk water in the order, Gua-Gua > Ade-Gua > Ade-Ade > Gua-Thy > Gua-Cyt 
> Ade-Thy > Ade-Cyt > Thy-Thy > Cyt-Thy > Cyt-Cyt. On the other hand, mutual 
interactions of surface adsorbed base pairs are stabilized mostly by hydrogen bonding 
interactions in the order, Gua-Cyt > Ade-Gua > Ade-Thy > Ade-Ade > Cyt-Thy > Gua-
Gua > Cyt-Cyt > Ade-Cyt > Thy-Thy > Gua-Thy. Interestingly, several non-Watson-Crick 
base pairings, that are commonly ignored, have similar stabilization free energies due to 
inter-base hydrogen bonding as Watson-Crick pairs. This clearly highlights the 
importance of non-Watson-Crick base pairing in the development of secondary structures 
of oligonucleotides near surfaces.  
Hybrids of single stranded DNA and single walled carbon nanotubes have proven 
very successful in separating various chiralities and, very recently, enantiomers of carbon 
nanotubes using aqueous two-phase separation. This technique sorts objects based on 
small differences in hydration energy, which is related to corresponding (small) differences 
in structure. Separation by handedness requires that a given ssDNA sequence adopt 
different structures on the two SWCNT enantiomers.  Here we study the physical basis of 
such selectivity using a coarse grained model to compute the energetics of ssDNA wrapped 
around an SWCNT.  Our model suggests that difference by handedness of the SWCNT 
requires spontaneous twist of the ssDNA backbone.  We also show that differences depend 
sensitively on the choice of DNA sequence. 
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Chapter 1 Introduction to carbon nanotube – DNA hybrids and 
their characterization methods 
 
1.1. Carbon nanotubes: chiralities, enantiomers, properties and 
applications 
 
Single walled carbon nanotubes (SWCNTs) are low dimensional tubular structures of 
a single layer of sp2 hybridized carbon atoms bonded in a hexagonal lattice except at their 
ends.1 They are often visualized as seamlessly rolled up graphene.2 As shown in Figure 
1.1. (b), a carbon atom on the graphene sheet is chosen as origin and the chiral vector Ch is 
drawn from the origin atom to another atom on the same graphene sheet. When n and m 
are two integers and a1 and a2 are the unit cell vectors of the two-dimensional lattice formed 
by the graphene sheet, Ch = na1 + ma2. The chirality of the carbon nanotube so formed is 
represented as (n,m), where the direction of the nanotube axis is perpendicular to the chiral 
vector Ch. Single walled carbon nanotubes can be classified as chiral and achiral SWCNTs. 
This has a direct effect on their properties such as being metallic and semiconducting.3 
SWCNTs are found to be metallic if |n-m| is a multiple of 3 and semiconducting if not. 
Some exceptions to this rule exist, such as (5,0) which is metallic instead of 
semiconducting, as curvature effects on the electrical properties are significant in case of 
small diameter nanotubes. Like other chiral molecules, chiral SWCNTs can exist as right 
handed and left handed enantiomers.4 Popular SWCNT production techniques such as 
electric arc discharge, laser ablation, gas phase catalytic growth from carbon monoxide and 
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chemical vapor deposition (CVD) from hydrocarbons5 result in a mixture of different 
chiralities, which consequently have different electronic structure.  
Due to their extraordinary mechanical, electronic and optical properties6,7, 
SWCNTs have found a number of applications in the recent times. Since they have high 
carrier mobility, they have been used in thin film field effect transistors (FET)8,9. This 
combined with their high optical transparency and high chemical stability makes them 
useful for organic photovoltaics10. Additionally, this high chemical stability along with the 
high aspect ratio which results in all the atoms being exposed to the environment has led 
to applications as effective catalyst supports.11,12 SWCNTs have very small, nanometer-
scale, dimensions and exhibit band-gap fluorescence which is highly sensitive to the 
surrounding environment. This makes them perfect candidates for various types of 
biosensors13–15. They also become more bio-compatible when coated with biological 
molecules and can cross mammalian cell membranes, making them promising for targeted 
drug delivery16,17.  
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Figure 1.1. Single walled Carbon nanotube (SWCNT) chirality schematic 
(a) Schematic of a portion of a graphene sheet rolled up to form an SWCNT. (b) 2D 
graphene sheet illustrating lattice vectors a1 and a2, and the roll‐up vector Ch= na1 + ma2. 
The achiral, limiting cases of (n, 0) and (n, n) armchair are indicated with thick, dashed 
lines, and the chiral θ angle is measured from the zigzag direction. The light, dashed 
parallel lines define the unrolled, infinite SWCNT. The diagram has been constructed for 
(n, m) = (4, 2). Figure 1.1.(a) and Figure 1.1.(b) were published by Odom et al.2 and proper 
copyright permission was obtained from John Wiley and Sons prior to submittal of this 
document. 
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1.2. Single stranded deoxyribonucleic acid (DNA) 
Deoxyribonucleic acid (DNA) is one the most important biological molecules which is 
usually present in nature in the double stranded form. Single stranded DNA (ssDNA) is a 
biopolymer whose monomeric unit is a nucleotide composed of three units: deoxyribose 
sugar, negatively charged phosphate group and a nucleobase. There are four nucleobases: 
Adenine (Ade or A) and Guanine (Gua or G), which are purines with two aromatic rings 
each, and Thymine (Thy or T) and Cytosine (Cyt or C), which are pyrimidines with one 
aromatic ring each. The free phosphate end of the strand is called the 5’ end and the free 
hydroxyl group end is called the 3’ end. Every nucleotide has a hydrophilic part, i.e., the 
phosphate group and a hydrophobic part, i.e., the aromatic nucleobase. The single stranded 
DNA is thus amphiphilic and has surfactant like properties.  
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Figure 1.2 Single stranded DNA structure  
(a) Single stranded DNA sequence (5’-ACGT-3’)18, (b) Cytosine nucleotide18, (c) DNA 
nucleobases: Thymine (Thy or T) and Cytosine (Cyt or C) are Purines, Adenine (Ade or 
A) and Guanine (Gua or G) are Pyrimidines19,20 
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1.3. Single walled nanotubes – single stranded DNA hybrids 
 
Single walled carbon nanotubes have surfaces which are hydrophobic and hence 
they aggregate into clumps when placed in an aqueous solution. Such poor dispersions are 
usually not desirable for further processing for most applications. In order to produce 
uniform solutions of singly dispersed nanotubes, SWCNTs are wrapped with amphiphilic 
molecules such as surfactants, single stranded DNA and proteins. The hydrophobic parts 
of the amphiphilic molecule interact with the hydrophobic surface of the SWCNT and the 
hydrophilic regions render the resulting hybrid water-soluble. In case of single-stranded 
DNA, the hydrophobic aromatic rings in the bases are thought attach non-covalently on the 
SWCNT surface via π-stacking. Each of the resulting ssDNA-SWCNT hybrids is 
negatively charged. 
 
Figure 1.3 Representation of single stranded DNA-single walled carbon nanotube hybrid. 
(TAT)4 on (6,5) SWCNT 
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1.4. Characterization techniques 
 
Since DNA-SWCNT hybrids have a number of potential applications as discussed 
above, it is essential to characterize them and to understand their structure and properties. 
The structure of DNA on SWCNT has been probed in many ways including molecular 
dynamics (MD) simulations21–24, measuring activation energy of displacement of DNA by 
a surfactant25,26, Atomic Force Microscope (AFM) studies27–29 and aqueous two phase 
separations30. Other characterization techniques include capillary electrophoresis, and 
optical spectroscopic techniques such as UV-Vis-NIR, Photoluminescence and Raman 
spectroscopy. Single stranded DNA MD simulations have given some idea of how the 
single stranded DNA adsorbs onto the SWCNT surface. Tools like surfactant exchange 
studies, aqueous two phase studies and AFM studies have helped estimate the total binding 
free energy, activation barriers and small differences in solvation energy for different DNA 
sequences on different SWCNT chiralities. Some of these techniques are described as 
follows: 
 
1.4.1. Optical spectroscopy  
Single-walled carbon nanotubes (SWCNTs) have characteristic optical transition energies 
associated with their (n,m) chirality.31 They also exhibit solvatochromic shift where these 
transition energies depend on the surrounding solvents and adsorbed molecules.32  For 
example, when DNA strands adsorbed onto SWCNTs are replaced by surfactant molecules 
such as sodium dodecyl benzene sulfonate (SDBS), a blueshift is observed.26 This can be 
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tracked using optical measurement techniques such as absorbance and fluorescence 
spectroscopy.    
 
1.4.2. Hydration energy using aqueous two phase system 
Aqueous two phase systems have been used to sort SWCNTs based on chirality and 
enantiomers.30 It is proposed that the DNA-SWCNT hybrids partition in the aqueous two 
phase because of sensitive dependence of the free energy of hydration on the spatial 
distribution of hydrophilic groups in the DNA-SWCNT hybrid.   Hence it may be possible 
to study or rank hydration or solvation free energy of these hybrids using such systems.  
 
1.4.3. Molecular Dynamics simulations (all atom) 
Most of the DNA sequences studied in the DNA-CNT hybrids are relatively short 
(from 6mers to 100mers), so the system size is quite small and can be simulated using all 
atom molecular models effectively. The number of types of interactions present in such 
systems are also sufficiently limited for the available force fields to describe these 
interactions. A number of molecular dynamics studies have been conducted on the DNA-
SWCNT hybrid previously in order to study the structure of DNA near SWCNTs.21,22,24,33,34 
 
1.4.4. Atomic Force Microscopy (AFM) 
 Atomic Force Microscopy (AFM) is one of the most important single molecule 
experimental techniques to study and quantify interactions between biomolecules and 
material surfaces. It can be used for both imaging areas upto 100 x 100 μm2 in a line by 
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line fashion with sub-nanometer lateral resolution and subatomic (<1Ao) vertical 
resolutions. Single walled carbon nanotubes range from 0.4 nm to 2 nm in diameter and a 
few hundred nm to several millimeters in length. Hence AFM is ideal for imaging SWCNT 
coated with different biomolecules. The most important use of AFM in quantifying 
SWCNT-DNA interactions is due to its Pico newton force sensitivity. Peeling experiments 
can hence be conducted using AFM, measuring the intra and intermolecular forces which 
separate surfaces at the single molecular level, enabling quantification of DNA base-
SWCNT interactions. 
 
1.4.5. X-ray Photoelectron Spectroscopy (XPS)  
X-ray photoelectron spectroscopy (XPS) is a technique that measures the elemental 
composition along with their chemical and electronic states within 2 to 10 nm of a 
surface with low detection limits of ~ - 0.1 at%.35 This makes it suitable to study the 
DNA bound to the surface of the SWCNT.  
 
1.5. Outline of Thesis 
 
It is empirically known from experiments reported by Tu et al. that certain special 
DNA sequences called ‘recognition’ sequences are able to selectively separate certain 
SWCNT chiralities via ion exchange chromatography.36 Roxbury et al. showed that even 
the slightest change to the recognition sequence significantly affects its binding affinity to 
the partner SWCNT chirality.26 It is hypothesized that the separation of SWCNTs via 
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recognition sequences is related to their binding affinity. The DNA assisted separation 
technique is carried out on a mixture of SWCNT chiralities. In Chapter 2, we studied the 
binding affinity of various recognition sequences with their partner and non-partner 
SWCNT chiralities to find if separation due to recognition ability is correlated to its binding 
affinity. We also studied the effect of length of the single stranded DNA with the binding 
affinity for a small range close to a recognition sequence. 
 
It is hypothesized that the DNA-SWCNT hybrids partition in the aqueous two phase 
system because of sensitive dependence of the free energy of hydration on the spatial 
distribution of hydrophilic groups in the DNA-SWCNT hybrid.30 Since the differences in 
SWCNT-DNA hybrids are attributed to the differences in the structure of DNA on various 
SWCNTs, the hydration energy of these hybrids should also be slightly different. In 
Chapter 3, we show some preliminary studies of the hydration energy of various 
recognition sequences and if this is dependent on the length or composition of the DNA 
sequences. 
 
Several molecular dynamics simulation studies have shown that the structure of 
single stranded DNA on the SWCNTs is stabilized by hydrogen bonds. It is seen that some 
of these hydrogen bonds occur between non-Watson-Crick pairs such as Adenine-Adenine. 
This is very different from double stranded DNA where the hydrogen bonds between the 
two single stranded DNA are Watson-Crick pairs only (Adenine-Thymine and Guanine-
Cytosine). This raises the question of whether the interactions that give rise to DNA 
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structure in aqueous bulk phase are different from those in case of DNA structures near 
surfaces such as SWCNTs and graphene. In Chapter 4, molecular dynamics simulations 
were conducted for all possible DNA base pairs including all non-Watson-Crick pairs in 
aqueous bulk phase and near graphite surface. The stability of these interactions as 
represented by binding free energy for each of the ten possible pairs was then ranked. 
 
Recently various SWCNT enantiomers have been successfully separated using the 
aqueous two phase system. Separation by handedness requires that a given single stranded 
DNA sequence adopt different structures on the two SWCNT enantiomers.  In Chapter 5, 
we study the physical basis of such selectivity using a coarse grained model to compute 
the energetics of single stranded DNA wrapped around an SWCNT.  
 
It has been shown experimentally that various DNA sequences which are closely 
related to the recognition sequence i.e. (TAT)4 show very different binding affinity to the 
partner SWCNT (6,5). It is proposed that this is because of subtle differences in the 
structure of these sequences on the same SWCNT. Certain DNA sequences have also been 
successfully used to separate both enantiomers of (6,5) SWCNT. In Chapter 6, molecular 
dynamics simulations of these DNA-SWCNT combinations were conducted and analyzed. 
 
In Chapter 7, the major findings of this thesis are summarized and some possibilities for 
future work are discussed.  
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Chapter 2 Sequence and chirality dependence of binding between 
DNA and Carbon Nanotubes  
 
Certain single stranded DNA (ssDNA) sequences are known to recognize their partner 
single wall carbon nanotube (CNT). Here we report on activation energies for removal of 
several ssDNA sequences from a few SWCNT species by a surfactant molecule. We find 
that DNA sequences systematically have higher activation energy on their carbon-
nanotube recognition partner than on non-partner species.  For example, the DNA 
sequence (TAT)4 has much lower activation energy on the (9,1) SWCNT than on its partner 
(6,5) SWCNT whereas the DNA sequence (CCA)10 binds strongly to its partner (9,1) 
SWCNT compared to (6,5).  The (6,5) and (9,1) SWCNTs have the same diameter but 
different electronic properties, suggesting that activation energy difference can detect 
differences in the arrangement of carbon atoms of the underlying SWCNT.  The activation 
energies of increasing lengths of closely related sequences from the 11mer (TAT)3TA to 
the 21mer (TAT)7 on three different SWCNT species (9,1), (6,5), and (8,3) were measured. 
For the shorter sequences, the activation energy on the SWCNT varies periodically with 
sequence. 
 
The work described in this chapter was published in “Shankar, A., Mittal, J., & Jagota, A. 
(2014). Binding between DNA and carbon nanotubes strongly depends upon sequence 
and chirality. Langmuir, 30(11), 3176–83” 
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2.1. Introduction 
 
Single stranded DNA conjugated with single-walled carbon nanotubes (CNT) allows the 
latter to be dispersed readily in water. Certain special short DNA sequences have 
recognition ability towards partner species of single-walled carbon nanotubes.36 This 
ability has been useful in sorting these species from a mixture of carbon nanotubes. There 
is also considerable interest in the hybrids of carbon nanotubes and DNA due to their 
potential in biomedical applications such as targeted cellular drug and siRNA delivery37,38, 
sensing39–41, and in vivo imaging42,43 
In order to understand DNA-CNT interactions and to predict their behavior in such 
applications, it is important to study the relationship between DNA sequence, the SWCNT 
species, and the binding affinity between these two.  The adsorption and assembly of DNA 
bases at a liquid-solid interface has been well studied.44–48 It is known that the binding 
strength of DNA bases on the graphite surface in the presence of water follows the order 
guanine > adenine > thymine > cytosine.46 Direct measurements of the binding strength of 
DNA oligomers on graphite surfaces using single molecule force spectroscopy27,29,49 
reported binding free energy in the range 7-11 kBT decreasing in the order thymine > 
adenine > guanine > cytosine. A recent single molecule force spectroscopy study reported 
the free energy of binding of DNA to carbon nanotube surface in the range of 17-38 kBT  
per nucleotide decreasing in the order adenine > guanine > thymine > cytosine, which is 
much larger than on graphite surface.28 Studies of similar systems have also been 
conducted using molecular dynamics simulation, where it has been found that short DNA 
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homopolymers also follow the same order of adhesion strength on graphite surface as that 
measured experimentally for single bases.50 Short DNA-CNT hybrids are known to 
dissociate thermally in the order: guanine > cytosine > adenine > thymine and it is reported 
that the binding free energies of the ssDNA to SWCNTs increased monotonically with 
increasing DNA sequence length.51The structures formed by the DNA strands on SWCNT 
surfaces and the factors contributing to their stability have been extensively studied using 
various experimental techniques52,53 as well as molecular dynamics simulations.21–
24,33,34,54,55The order of strength of the two interactions which contribute to the stability of 
DNA structure on graphite, i.e., stacking and hydrogen bonding for all the ten possible 
DNA base pairs, have been studied and it has been found that non-Watson Crick hydrogen 
bonding plays an important role in stabilizing DNA structures near surfaces like graphite 
and SWCNT.22,56Recently, an experimental study was conducted on the equilibrium 
thermodynamics of different polycytosine sequences and a surfactant, sodium cholate, on 
different SWCNT species.57 
It has been found that the recognition ability of certain single stranded DNA 
sequences for their partner SWCNT correlates strongly with binding affinity.26 Roxbury et 
al.26measured binding affinity between (6,5) SWCNTs, its recognition sequence (TAT)4, 
and closely related DNA sequences (TAT)3T, (TAT)3TA, (TAT)4T and (TAT)4TA by 
measuring the kinetics (and hence the activation energy) of DNA displacement by a 
surfactant molecule. It was shown that addition or subtraction of just one base from the 
recognition sequence can enhance the kinetics of DNA displacement by some 20-
fold.26The study by Roxbury et al.26showed that activation energy for a particular SWCNT 
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is strongly DNA sequence-specific in that small changes to the recognition DNA sequence 
result in large changes in activation energy.  However, separation in practice is performed 
with a single DNA sequence dispersing a mixture of SWCNTs.  The question of the 
difference in activation energy for a given sequence and different SWCNTs remains 
unexplored; addressing it is the main objective of this work.  Some questions that remain 
unanswered are: will other recognition sequences also have similarly high activation 
energy with their partner SWCNTs compared to their compositional cousins? What is the 
typical difference in activation energy between recognition and non-recognition partners? 
In order to answer these questions, we performed a study of the activation energies 
of several DNA sequences and SWCNTs.  We used a surfactant molecule, sodium dodecyl 
benzene sulfonate (SDBS), in sufficient concentration to displace DNA off the surface of 
SWCNTs.  By monitoring the kinetics of this process, we obtained activation energy as a 
measure of binding affinity. 
 
2.2.  Experimental Methods: 
2.2.1. Sample Preparation  
Single stranded DNA was obtained from Integrated DNA Technologies (IDT).  All 
the chemicals apart from the SWCNT and DNA were procured from Sigma Aldrich. The 
DNA and the Hipco SWCNT (NanoIntegris) in a 2 mg/1 mg weight ratio were sonicated 
using a Branson model 150 probe ultrasonicator for 90 minutes at 8W output power in a 
10 mM 7.1 pH phosphate buffer. The resultant dispersion was centrifuged using an 
Eppendorf microcentrifuge at 13.1 K rpm for 90 minutes to precipitate impurities such as 
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catalysts and undispersed SWCNTs, and the supernatant was separated out. This 
supernatant was then passed through a 100kDa Millipore microcentrifuge filter and 
redispersed in the phosphate buffer repeatedly (three times) to remove the excess DNA. 
All the dispersions were then diluted such that the absorbance at 990 nm was ~ 0.5 in order 
to standardize all the dispersions to the same concentration. It may be noted here that in 
the previous work by Roxbury et al.26 the DNA-CNT dispersions were passed through size 
exclusion chromatography (SEC) to remove excess DNA and to sort SWCNTs according 
to length. However, the samples studied in this work were not passed through SEC for two 
reasons.  Firstly, the SEC step would not be done normally during the process of DNA-
assisted separation of SWCNTs.  Secondly, this step caused a major loss of sample for the 
relatively weakly bound sequences. A solution of 0.2 wt % sodium dodecyl benzene 
sulfonate (SDBS) was prepared in the phosphate buffer solution. 80 l of the SDBS 
solution was pre-heated in a quartz cuvette to the required temperature using a Peltier 
temperature control device. An equal volume (i.e., 80 l) of the DNA-CNT dispersion was 
added to the cuvette and mixed using the pipette. Thus, the SDBS concentration in the 
reaction mixture was 0.1wt %.  
2.2.2. Absorbance Spectroscopy 
The Hipco SWCNT mixture contains various SWCNT species such as (6,5), (7,5), 
(7,6), (8,3), (9,1) etc. In this work, due to the range limitations of our instrument, we focus 
attention on (9,1), (8,3), and (6,5) species. To study the relationship between 
sequence/CNT match and activation energy, Roxbury et al.26developed a surfactant-
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exchange technique in which the progress of the replacement of ssDNA from the surface 
of SWCNTs by surfactant molecules could be monitored by absorbance spectroscopy (UV-
Vis spectrophotometer: Varian Cary 50).  
It is known that a change in the environment of the carbon nanotube causes a peak 
shift in the optical absorbance and fluorescence (solvatochromic effect32,58). Figure 2.1(a) 
shows two absorbance spectra for a mixture of SWCNTs.  The initial one corresponds to 
coating by the ssDNA sequence (TAT)4; the final one is after ssDNA has been replaced by 
the SDBS surfactant molecule. The wavelengths assigned to the various SWCNT species 
correspond to the peak assignment by Tu et al.36 
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Figure 2.1. Time resolved absorbance spectra during surfactant exchange on DNA 
wrapped SWCNTs  
(a) Absorbance peak shift for the various nanotube SWCNT species before and after the 
exchange reaction of DNA with SDBS molecules. (b) Time resolved absorbance spectra 
show an isosbestic point where the absorbance intensity does not change with time.26 
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Figure 2.1. (b) shows the time evolution of the absorbance spectrum in the vicinity of the 
(6,5) absorbance peak as the DNA coating on the SWCNT surface is replaced by SDBS.  
A characteristic feature is the existence of an isosbestic point indicated by the green circle 
in Figure 2.2., where the absorbance does not change during this process. At this 
wavelength, the absorbance intensity is same for DNA and SDBS coated species. The fact 
that it does not change with time, along with other supporting evidence discussed by 
Roxbury et al.26, indicates that the absorbance at a particular wavelength can be represented 
as a linear combination of each of two pure species, i.e., a particular SWCNT exists with 
complete coverage either solely by DNA or by SDBS.  Intermediate stages where both 
DNA and SDBS are on the same SWCNT surface are very short-lived.  
 
2.2.3. Fluorescence Spectroscopy  
To confirm independently that there is indeed a shift in the peaks for each of the SWCNT 
species as the DNA adsorbed onto it is replaced by the SDBS, two dimensional 
fluorescence maps of the dispersion were measured (Fluorolog-3; Horiba-Jobin Yvon) 
before and after the SDBS exchange with the DNA on the nanotube surface.  (The 
absorbance spectra were measured during the exchange process.) We used 500−800 nm 
excitation with increments of 3 nm and slit width of 8 nm and 900−1200 emission with 
increments of 3 nm and slit width of 8 nm. Dark count correction factors were applied with 
a 1.0 s time of integration. As shown in appendix Figure 2.8. , the shift in the absorbance 
peaks due to the change in the coating of the SWCNT is also seen in the photoluminescence 
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spectra.  In appendix we also present table 2.3. (a) and (b) that compares peak values as 
measured by absorbance and fluorescence spectroscopy. 
 
2.2.4. Analysis of time-resolved absorbance spectra  
Figure 2.2 draws schematically the characteristic free-energy landscape followed 
when the initial reactants – DNA-covered SWCNTs – are converted to the product, SDBS-
covered SWCNTs and free DNA, in the presence of solvent and excess surfactant.  The 
reaction runs irreversibly from reactants to products and has an activation free energy 
barrier, G‡.  For a given type of SWCNT, the product free energy is presumably the same, 
regardless of the type of DNA sequence that coats the SWCNT initially.  Therefore, the 
activation energy barrier, which we infer by measuring the kinetics of DNA removal, 
reflects differences in how different DNA sequences bind to the same SWCNT. This also 
assumes that SDBS-DNA interactions are either too weak to matter or do not depend on 
DNA sequence.  Our choice of SDBS as the surfactant is based on surface tension 
measurements suggesting that the interaction between SDBS and DNA is quite weak.26 
Differences between sequences could arise either because the free energy of the initial state 
is different or because the energy of the transition state is different.  Underlying differences 
in the activation barrier manifest as differences in the kinetics of DNA removal from the 
SWCNT surface, which is the quantity we measure. 
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Figure 2.2 Free energy change during conversion of DNA-CNT to SDBS-CNT 
 
For samples where the absorbance spectra are dominated by a single SWCNT species, the 
kinetics of the exchange reaction can be followed by tracking the absorbance at a single 
wavelength as a function of time.26However, for a mixture of SWCNT species, the 
absorbance lines overlap, so that absorbance change at a given wavelength depends on the 
kinetics of surfactant exchange from several different SWCNTs. In our typical samples, 
this means that the larger peaks such as the (6, 5) peak strongly influence weaker peaks 
like (8, 3) and (9, 1). We therefore developed a procedure to decompose the absorbance 
spectra into contributions from individual species. 
 
24 
 
 The details of the procedure can be found in appendix, section S2.  In essence, it 
consists of the following: 
a) Construction of fits to absorbance spectra of pure species, i.e., either purely DNA 
or purely SDBS coated SWCNTs, by an asymmetric Lorentzian line shape.36Let these fits 
be given by   )(, nm
DNAg , and   )(, nm
SDBSg , two functions for each SWCNT type. 
b) Decomposition of absorbance spectra for samples with only DNA (Figure 2.3.) or 
only SDBS coated SWCNTs (appendix, Fig 2.10.). 
 
 
Figure 2.3 Fitted data for purely DNA-coated SWCNTs before surfactant reaction 
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Decomposition of measured absorbance of purely DNA-coated SWCNTs into 
contributions from four SWCNT species for (TTA)4TT – SWCNT dispersion. This is the 
initial mixture before the exchange reaction. Note that the although the influence of the 
(7,5) peak is included in the fit, the raw data is fitted only upto 1020 nm because for higher 
wavelengths the spectrum is influenced by tails of peaks at higher wavelengths, outside the 
range of the instrument used. 
c) Fit to spectra obtained during intermediate stages of transformation from DNA to 
SDBS coating as linear combinations of contributions from constituents of the pure DNA 
and SDBS-coated spectra (Appendix, Fig 2.4.). 
 
d) Let D(m,n) and S(m,n) be the coefficients corresponding to contributions from DNA 
and SDBS coated SWCNTs.  Then, the value of D(m,n) decreases and that of S(m,n) increases 
from their initial to final values (Figure 2.4.).  At higher temperatures we observe that the 
decay can be represented well by a single exponential (Figure 2.4.a) but at lower 
temperatures there is clear evidence of two processes, each with its own characteristic 
decay time. We therefore fit the time-evolution of S(m,n)with a first order rate equation with 
two exponential terms: 
Sm,n = a1 ∗ e
−k1∗t + a2 ∗ e
−k2∗t  + Sfinal      (2.1) 
Where k1 and k2 are rate constants in sec
-1 and t is time in seconds.   
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Let the first, faster, reaction step be represented by a1 and k1, and the second slower reaction 
step be represented by a2 and k2. At higher temperatures, both reactions are completed 
within the first few minutes, and we can determine Sfinal for a particular pair of DNA 
sequence and SWCNT. This value of Sfinal is found for all the temperatures for which the 
reaction is complete for each DNA sequence and SWCNT pair. For example in figure 2.4. 
(a), we see that at 45 degrees C, for (TAT)4 on (6,5) SWCNT, the value of Sm.n becomes 
constant and equal to about 4.45 once both reaction steps are completed. Then the mean 
and standard deviation is calculated for Sfinal. So we can write equation (2.1) for (TAT)4 on 
(6,5) as 
 
S6,5 = a1 ∗ e
−k1∗t + a2 ∗ e
−k2∗t  +  Sfinal
6,5
      (2.2) 
 
We then fit the five parameter equation (2.1) at various temperatures for (TAT)4 – (6,5) to 
the data on the SDBS coefficient with time, using the curvefit toolbox available in 
Matlab®. For the value of Sfinal we used the mean as guess value and twice the standard 
deviation on each side of the mean as lower and upper bounds for Sfinal. The values for k1 
and k2 are constrained to take positive values. The values for a1 and a2 are constrained to 
take negative values in case of the SDBS coefficients and positive values in case of DNA 
coefficients. An example is given in Figure 2.4. (b) for (TAT)4 – (6,5) SWCNT at 35 
degrees C. Another example is given in Appendix Figure 2.5. (a) and (b) for the DNA 
coefficient. 
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Figure 2.4 Fit to obtain decay time from surfactant exchange experiment 
 (a) Fit to obtain Sfinal for (TAT)4 – (6,5) SWCNT at 45 degrees C where the reaction is 
completed in the experimental time.   
(b) Fit to second order rate equation for the SDBS coefficient at 35 degrees C, giving the 
decay times and hence the rate constants k1 and k2 
 
We conducted the surfactant exchange reactions at various temperatures to obtain rate 
constants as a function of temperature. Our observation of a fast and a slow process is 
consistent with the observations made Roxbury et al.26.   There we interpreted the fast 
process as being due to quick transformation of those DNA-coated SWCNTs (to SDBS 
(b) 
(a) 
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coating) that have pre-existing defects. The slow process was interpreted as representing 
the rate of nucleation of new defects.  We adopt the same interpretation here.  The two-
step process used to represent the kinetics provided reliable values for k2 as a function of 
temperature.  However, in many cases it did not provide reliable values for k1 because the 
first step is often very rapid (e.g., Figure 2.4.a).   
 
We therefore focus our attention on the second, slower process and, henceforth, we will 
refer to the rate constant of the second step ‘k2’ as ‘k’. In appendix we present data on the 
(CCA)10 sequence to show that the fast and the slow process are correlated, supporting our 
focus on only k2 as a measure of binding affinity. We plot ln (k/T) versus (1/T). According 
to the Eyring’s activated rate theory for a desorption process, 59,60 
 
 ln (
𝑘
𝑘𝐵T/ℎ
) = ln(ω) −
∆H‡
kBT
+
∆S‡
kB
      (2.3) 
 
Where k is rate constant in sec-1, T is absolute temperature, H‡ is activation enthalpy, S‡ 
is activation entropy, h is Planck’s constant, and kB is the Boltzmann constant.  
The constant ω is the number of activated complexes per SWCNT. We explicitly separate 
it because the rate we measure is of transforming a SWCNT from DNA to SDBS coverage, 
whereas the activation enthalpy and entropy are for a single activated complex.  Since the 
entire SWCNT transforms from DNA to SDBS coverage rapidly when a single defect on 
its side wall is nucleated, the measured rate k is the product of the rate of defect nucleation 
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multiplied by the number of defects per SWCNT.  The activation enthalpy can be obtained 
from the slope of ln (k/T) versus 1/T in the Eyring plot. 
 
2.3. Results and Discussion 
2.3.1. Recognition sequences on various SWCNTs 
 
In order to understand how the activation energy differs for the same recognition 
DNA sequence on its partner SWCNT and non-partner SWCNT species, we studied the 
recognition sequence for the (6,5) SWCNT, i.e., (TAT)4, for the (9,1) SWCNT, i.e., 
(CCA)10, and for the (8,3) SWCNT, i.e., (TTA)4TT on each of the three SWCNT species 
(6,5), (9,1) and (8,3). 
 
As an example, in Figure 2.5. , the time resolved absorbance spectra show that for (TAT)4 
covered SWCNT, at 15 degrees C, the (9,1) peak shifts considerably within the first few 
minutes, whereas the (6,5) and (7,5) peaks do not show much shift even after two hours.  
The lower the rate constant of the exchange reaction of a DNA sequence with SDBS for 
the surface of a particular SWCNT species, the higher is the activation energy. That means 
(TAT)4 is significantly more weakly bound to (9,1) compared to (6,5) and (7,5) SWCNTs.  
More quantitative information is obtained by examining how the relative populations of 
SDBS and DNA-coated SWCNTs change with time. 
30 
 
 
Figure 2.5 Time resolved absorbance spectra showing difference in rate of peak shift at 
different wavelengths 
 
Time resolved absorbance spectra of (TAT)4 – dispersed SWCNTs displaced by SDBS at 
15 degrees C, showing that the (9,1) SWCNT peak shifts within the first several minutes, 
but the (6,5) and (7,5) peaks do not shift much even after two hours. The black line shows 
the initial spectrum, successive scans taken every 5 minutes are shown for the first twenty 
minutes (blue lines), and the red line shows the final scan after two hours. 
 
We find that each of the three DNA sequences binds strongest to its recognition partner 
SWCNT. This difference is largest and clearest for (TAT)4, and present but relatively weak 
for the other two DNA sequences (Figure 2.6).  Figure 2.6. (a) shows the Eyring plot for 
(TAT)4-dispersed SWCNTs (left panel) and the average ratio of rate constant normalized 
by its value for the (TAT)4-(6,5) recognition pair (right panel).  Consistent with the data 
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presented in Figure 2.5, Figure 2.6. (a) shows that the rate of (TAT)4 removal from its 
partner SWCNT (6,5) is significantly lower than from (8,3) and especially (9,1) SWCNTs.  
That is, the affinity of (TAT)4 is significantly greater to (6,5) than to (8,3) or (9,1).  The 
large difference in the rate constant of removal of (TAT)4 from (6,5) and (9,1) is striking, 
given that they have exactly same diameter (but differ in their chirality and electronic 
properties). 
Figure 2.6. (b) and (c) show the Eyring plots and relative rate constant ratios for 
(CCA)10and (TTA)4TT – dispersed SWCNTs, respectively. We find that (CCA)10 binds 
more strongly to its recognition partner SWCNT (9,1) than to the other two non-partner 
SWCNTs.  However, the differences are relatively small compared to the (TAT)4 case.  
Figure 2.6. (c) shows that (TTA)4TT binds very slightly more strongly to its partner 
SWCNT (8,3) as compared to the other three SWCNT species. The order of binding 
affinity is not discernable for the non-partner SWCNT species in this case.  
The data in Figure 2.6. suggest that for a given DNA sequence, the slope, which 
represents activation enthalpy, does not change with SWCNT type.  (See also appendix 
Figure 2.13. in which we fit independent lines to data for each DNA-CNT combination.)  
The data also suggest that slopes and therefore enthalpies change when one changes the 
type of DNA sequence.  We test this hypothesis by fitting three straight lines to each of the 
data sets in Figure 2.6.  For a given DNA sequence, the lines are constrained to have the 
same slope and three different intercepts, and these four parameters are determined by 
least-squares fitting.  This procedure yields a value for activation enthalpy of each DNA 
sequence along with a confidence interval for it estimate.   
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Figure 2.6 Eyring plots and relative rate constants for recognition sequences on different 
SWCNTs 
(left) Eyring plot for surfactant exchange with (a) (TAT)4 wrapped SWCNTs (b) (CCA)10 
wrapped SWCNTs, and (c) (TTA)4TT wrapped SWCNTs, (right) Relative rate constant 
(ratio with respect to rate constant of the recognition DNA sequence – partner SWCNT 
species at the same temperature). The lower the rate constant, the higher is the activation 
energy of the DNA sequence to the SWCNT species. Here the error bars are the standard 
errors.  Note that each sequence binds strongest to its recognition partner SWCNT. 
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Table 2.1 contains values of the activation enthalpy H‡, obtained from the slope of the 
linear fits in Figure 2.6. With 90% confidence we find that the activation enthalpy of 
(TAT)4,estimated to be 72 ± 11.82 kBT, is significantly different from the activation 
enthalpy of (CCA)10 and (TAT)4TT;the latter two are not statistically distinguishable from 
each other.  Also, the enthalpy value for the (TAT) family reported by Roxbury et al.26 of 
29 ± 7.47 kBT is significantly lower than what we found here. The samples used in that 
previous study were first subjected to size exclusion chromatography (SEC).  The 
observation of sample loss for weakly bound DNA-CNT combinations and the significant 
difference in activation enthalpies both indicate that the DNA-CNT hybrid, at least for 
these relatively short oligomers, is quite plastic.  That is, SEC very likely alters the structure 
and concentration of DNA adsorbed on the SWCNT, perhaps by stripping away loosely 
bound DNA strands and creating a population of defects not present in the original sample. 
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Table 2.1 Activation enthalpies obtained from Eyring plots (Figure 2.6) 
Sequence ‡kB T (300K) with 90 % CI 
(TAT)4 
((6,5) recognition sequence) 
 
72 ± 11.82 
(CCA)10 
((9,1) recognition sequence) 
 
44 ± 5.98 
(TTA)4TT 
((8,3) recognition sequence) 
 
46 ± 9.67 
 
 
For a given DNA sequence taking ∆𝐻‡ to be the same for different SWCNTs, for two 
different SWCNT species we can write, 
ln (
𝑘1
𝑘𝐵T
ℎ
) = ln(ω1) −
∆𝐻‡
𝑘𝐵𝑇
+
∆𝑆1
‡
𝑘𝐵
      (2.4) 
ln (
𝑘2
𝑘𝐵T
ℎ
) = ln(ω2) −
∆𝐻‡
𝑘𝐵𝑇
+
∆𝑆2
‡
𝑘𝐵
      (2.5) 
Or,  
𝑘𝐵T ln (
𝑘1
𝑘2
) = 𝑘𝐵T ln (
ω1
ω2
) + T(∆𝑆1
‡ − ∆𝑆2
‡)     (2.6) 
If we interpret the left hand side of equation (2.6) as a difference in free energy, G, we 
see that within one DNA type, this difference between different SWCNTs is due to 
difference either in defect density, 𝑘𝐵T ln (
ω1
ω2
), or activation entropy, T(∆𝑆1
‡ − ∆𝑆2
‡).  
35 
 
Table 2.2 provides values of G for the three different DNA sequences obtained by 
averaging over different temperatures. 
 
Table 2.2 GkBT (at 300K, subtracted from the recognition DNA sequence – partner 
SWCNT) * 
 (6,5) (9,1) (8,3) 
(TAT)4 Reference  4.39 1.93 ± 0.51 
(CCA)10 1.15 ± 0.11 Reference 0.40 ± 0.03 
(TTA)4TT 0.25 ± 0.17 0.89 ± 0.13 Reference  
 
* In the case of (9,1) versus (6,5) comparison, since we can calculate the ratio at only one temperature, we 
do not provide an estimate of the standard error. 
 
Table 2.2 shows that the difference in activation free energy between weakly and strongly 
binding sequences is in the range 0.25 to 4.39 kBT.  A DNA sequence with its partner 
recognition SWCNT has the strongest binding for all three sequences and chiralities.  For 
a given DNA sequence, based on the fact that activation enthalpy does not vary with 
SWCNT type, if we make the additional conjecture that the activation entropy is coupled 
to the activation enthalpy, it would also not vary with SWCNT type.  Then, it would follow 
that for a given DNA sequence variation in activation energy with different SWCNTs arises 
due to differences in the number of sites per SWCNT at which a transition state can occur.   
Removal of DNA requires its bases to be sufficiently displaced for the insertion of 
water molecules between them and the SWCNT surface. This event, which presumably 
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corresponds to the transition state, needs to occur before the surfactant molecule can 
replace DNA on the SWCNT surface.  If this is the case, we can compare the value of H‡ 
to the free energy of removal of a base from the SWCNT surface. The free energy of a 
DNA base removed from a graphite surface as measured by single molecule force 
spectroscopy is in the range 7-11 kBT.
27 Comparing to values of H‡ given in Table 2.1., 
suggests that a cluster of about 4-6 bases are involved in the activated complex.  
 
2.3.2. Relative activation energy of closely related DNA sequences 
 
The results of the previous section establish that DNA sequences bind more strongly on 
their partner SWCNT species compared to the non-partner species. Roxbury et al.26 have 
shown that the dependence of the activation energy of the DNA on the SWCNT surface 
with the length of the DNA strand is not monotonic for the smaller sequences (10 to 
14mers). They also showed that for longer sequences (30mers), the binding is significantly 
stronger and not as strongly dependent on sequence.  Hence, we can say that the recognition 
ability of DNA sequences for SWCNT species is not due to the absolute value of activation 
energy. It comes, rather, from the difference in the binding between compositionally 
similar sequences and SWCNTs. 
To study the transition from weak but discriminative binding of shorter sequences 
to the strong but non-discriminative binding of longer sequences, we studied eleven 
different DNA sequences in the(TAT)n family, ranging from the 11mer (TAT)3TA to the 
37 
 
21mer (TAT)7, on three different SWCNT species. The SDBS exchange reaction is carried 
out at two temperatures, 300C and 400C.  Figure 2.7 plots time constants for the three 
SWCNT types as a function of sequence length.  (All the time constants mentioned in this 
section are relative ratios to that of (TAT)4 on its partner SWCNT (6,5) at the same 
temperature.)  Two features of the behavior of time constant with sequence length are 
evident.  Firstly, the relative time constants vary periodically with sequence length for the 
short sequences with a period of two or three bases.  Secondly, imposed on this periodicity 
is an overall increase of time constant with sequence length. It is apparent that this family 
of sequences has comparatively higher activation energy to the SWCNT (6,5) than to the 
other  two SWCNT species. However, for shorter strands there is strong sequence-
dependence.  For example, whereas (TAT)4 binds stronger to (6,5) than to either (9,1) or 
(8,3), its immediate compositional neighbors (TAT)4T and (TAT)3TAbind relatively 
weakly to all three SWCNTs. 
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Figure 2.7 Time constants for removal of closely related DNA sequences as function of 
DNA length 
 
Time constants for eleven closely related DNA sequences on (a) (6,5), (b) (9,1),and (c) 
(8,3) SWCNT species relative to the time constant for (TAT)4 on its partner SWCNT (6,5) 
at the same temperature. The error bars are the minimum and maximum values of time 
constants from various experimental measurements. 
 
The phenomenon of increase of activation energy with the length of DNA sequence 
is consistent with the model proposed by Roxbury et al.26 for the surfactant exchange 
process.  As they showed, DNA removal proceeds by the nucleation of a defect on the 
SWCNT outer surface followed by rapid substitution of the DNA by SDBS. The nucleated 
defect corresponds to the activated state, and this evidently involves fewer DNA bases than 
are in each entire chain.  (For example, we know that the free energy for removal of one 
DNA base from graphite surface is 7-11 kBT.
27 Assuming the value is 10 kBT for a single 
base and multiplying by number of the bases in the DNA strand, the activation enthalpy 
for removal of an entire 30-mer would need to be > 300 kBT.)That is much higher than the 
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activation enthalpy values we found. So it is reasonable to suppose the activated state 
corresponds to a defect near the ends of the DNA. Roxbury et al.26 showed that this 
presumed defect nucleation occurs homogeneously on the SWCNT surface and not just on 
the ends of the SWCNT. This starts the process of replacing the DNA with SDBS. Now if 
we assume that the defect nucleation happens generally at the ends of the DNA strands, 
then shorter DNA strands provide more sites and hence greater probability for defect 
nucleation on any given SWCNT than do the longer strands. Hence, shorter sequences in 
general will have a higher rate constant, even if the activated state is the same.  It is possible 
that exceptions to this rule, for example (TAT)4 on (6,5) achieve higher strength by a 
mechanism such as assembly into a structure that resembles a longer, effectively ligated, 
DNA chain, with fewer associated defects per unit length of the SWCNT.   
 
2.4. Conclusions 
 
We have studied the activation energy for removal by as surfactant molecule of three 
DNA sequences ((CCA)10; (TTA)4TT; (TAT)4) on three different SWCNT species, 
((9,1);(8,3);(6,5)).  Of the nine combinations, three are recognition pairs (((CCA)10-
9,1);((TTA)4TT-8,3);((TAT)4-6,5)) as determined by their ability to sort a particular 
SWCNT from a mixture. We found that recognition sequences have significantly higher 
activation energy on their partner SWCNT than on the non-partner SWCNT species.  
Specifically, (TAT)4 has much lower activation energy on the (9,1) SWCNT than on its 
recognition partner SWCNT (6,5).  Conversely, we also found that (CCA)10 has higher 
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activation energy for its partner SWCNT (9,1) than for (6,5).  The (6,5) and (9,1) SWCNTs 
have the same diameter but different chirality and electronic properties.  We calculated the 
lateral energy barrier fraction for a DNA base on a graphene surface (neglecting curvature 
effects for SWCNT) to be about 0.01 kBT per base (see appendix Figure 7), which is small.  
We therefore conclude that the lateral energy barriers are not sufficient for the DNA strand 
to be cognizant of the chirality of the SWCNT based purely on the arrangement of the C 
atoms.  But it must be noted that recent experiments by Geyou et al. have shown that 
SWCNT enantiomers wrapped with the same DNA sequence can be separated, hinting that 
certain DNA sequences do have the ability to differentiate between the handedness of the 
SWCNT.  Thus the difference of activation energy of (TAT)4 to (6,5) and (9,1) can be 
attributed to difference in SWCNT electronic properties (which are typically not 
represented in force-field-based molecular simulations). 
We also studied increasing lengths of sequences in the (TAT)n family from the 11mer 
(TAT)3TA to the 21mer (TAT)7 on three different SWCNT species. We found that for these 
sequences, the activation energy varies periodically with DNA sequence length. That is, 
certain sequences have higher activation energy than their closely related neighbor 
sequences obtained by adding or removing just one base from the end.   This periodic 
variation is superimposed on an overall trend of increasing activation energy with 
increasing sequence length.  We have interpreted this to mean that DNA replacement by 
surfactant molecules occurs by the formation of an activated complex at the ends of the 
DNA sequence.  
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Overall, experimental data on the nine combinations of DNA sequences and SWCNTs 
showed that for a given DNA sequence, the activation energies do not change with SWCNT 
type.  The difference in activation energy for a given sequence and different SWCNTs can 
be attributed to some combination of the number of defects per SWCNT and activation 
entropy of the activated state.  Through molecular simulation, we have previously shown 
that a given DNA strand on different SWCNTs, as well as different DNA strands on the 
same SWCNT, form different ordered structures 26-28, showing that a structural basis can 
exist for differences in activation energy.   
 
2.5. Acknowledgement 
We acknowledge the assistance of Miss Ke Xue of Lehigh University in conducting the 
experiments and several useful discussions with Drs. Ming Zheng, Jeffrey Fagan, and 
Constantine Khripin. This work was supported by the National Science Foundation through 
grant CMMI-1014960. 
 
 
 
 
 
 
42 
 
2.6. Appendix 
2.6.1. Photoluminescence spectra of DNA and SDBS-coated SWCNT 
dispersions 
 
Figure 2.8 Photoluminescence spectra confirming solvatochromic shifts upon exchange 
of ssDNA by SDBS. 
 (Top) Fluorescence map for DNA coated SWCNT (before surfactant exchange)  
(Bottom) Fluorescence map for SDBS coated SWCNT (after surfactant exchange).  
These measurements confirm the solvatochromic shift in absorbance that we used to 
monitor kinetics. 
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Table 2.3 Peak positions for (a) absorbance spectroscopy and  
(b) fluorescence spectroscopy 
 
(a) 
 
CNT Chirality 
(n,m) 
 
Pure DNA - 
SWCNT 
 
Pure SDBS-CNT 
 
 
Wavelength 
 (nm) 
Wavelength 
 (nm) 
(9,1) 926 912 
(6,5) 990 976 
(8,3) 968 952 
(7,5) 1042 1024 
 
 (b)  
 
CNT Chirality 
(n,m) 
 
Pure DNA - 
SWCNT 
 
Pure SDBS-CNT 
 
 
Wavelength 
 (nm) 
Wavelength 
 (nm) 
(9,1) 930 918 
(6,5) 990 984 
(8,3) 972 960 
(7,5) 1044 1029 
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2.6.2. Methods for decomposition of absorbance spectra 
 
a) Fit for pure species: 
First we fitted the initial (pure DNA-CNT) reaction mixture and the final (pure 
SDBS-CNT) reactant mixture as a sum of the individual absorption spectra, 
  xg nm, , of purified chiralities (in our case the four chiralities (9,1), (8,3), (6,5) 
and (7,5)).   
      
),(
,,)(
nm
nmnmmixture cxgdexg     (2.7) 
Here, )(xgmixture  is the function representing the spectrum of the mixture, and 
 nmd , are coefficients determined by the fitting procedure. The function g(m,n) (x) 
used was: 
  
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It is continuous and smooth at the point of joining the left and right hand portions. 
The parameters have the following interpretation: c represents a baseline; a 
represents the amplitude; s represents the difference in baseline on the left and right 
hand sided; p represents the peak wavelength; bl and br represent spread on the left 
and right sides of the peak, respectively, and l and rare exponents that also allow 
asymmetry. Note that by subtracting ‘c’ from the pure-species fitting function, we 
absorb it into a single fitting baseline parameter, ‘e’. 
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In order to get good fits, we used previously known values for c, a, s,l, rfor the 
four chiralities from Tu et al. We fitted the coefficient d(m,n), p, bl and br for the pure 
DNA- SWCNT fits for each of the four chiralities. As an example, the fit for the 
pure (TTA)4TT– SWCNT is shown in Figure 2.9. 
 
Figure 2.9 Decomposition of measured absorbance spectra of initial state 
Decomposition of measured absorbance into contributions from four SWCNT species for 
(TTA)4TT– SWCNT dispersion which is the initial mixture before exchange reaction 
 
For the pure SDBS-CNT fits, since the individual E11 absorption spectra of individual 
purified SDBS-coated chiralities were not available, we assumed that the basic shape of 
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the peak of a particular chirality does not change and hence parameters like c,s, l , r could 
be kept same as that of the DNA-coated  species of the same chirality. We fitted the 
coefficient d(m,n), p, bl, br, a (to account for possible change in height) for the pure SDBS-
CNT fits for each of the four chiralities. The fit for the pure SDBS – SWCNT is shown in 
Figure 2.10. 
 
 
 
Figure 2.10 Decomposition of measured absorbance spectra of final state 
Decomposition of measured absorbance into contributions from four SWCNT species for 
SDBS– SWCNT dispersion which is the final mixture after exchange reaction 
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b) Fit for intermediate species: 
 
Now, to fit the intermediate data, which is a mixture of DNA-coated and SDBS-coated 
SWCNTs, we assumed that all the intermediate absorbance spectra can be considered a 
linear combination of the pure DNA-coated and SDBS-coated SWCNTs for each chirality. 
So for any wavelength, x, evolution of its absorbance is a sum of contributions from all 8 
species: 
 
            
),(
,,),(
),(
,,),()(
nm
nmnmnm
nm
nmnmnmmixture cxgdScxgdDexg
 
 
Where D(m,n) are all the four coefficients for the DNA coated chiralities and S(m,n) all the 
four coefficients for the SDBS coated chiralities.  As the surfactant exchange takes place, 
D(m,n) all decrease and S(m,n) all increase with time till the reaction is complete. Because for 
the (7,5) SWCNTs, there will be some influence due to adjacent peaks at higher 
wavelengths not measured in our experiments, we did not include it in the range of 
wavelengths fitted. Figure 2.11 shows an example of a fit to a spectrum intermediate 
between purely DNA and SDBS coated SWCNTs.  Figure 2.12 shows two examples of the 
decay in D(m,n) with time.  At the lower temperature, it is evident that there are two separate 
processes each with its characteristic decay time.  At the higher temperature, the first 
process proceeds too rapidly to be captured and the data fit a single exponential decay.  
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Figure 2.11 Intermediate Fit for (TTA)4TT – Hipco at 27 degrees C 
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(a) 
 
(b) 
Figure 2.12 Fit to obtain rate constant of DNA removal from SWCNT surface 
(a) At 45 degrees C the decay in D(m,n)for (TAT)4 – (6,5) SWCNT can be fitted well by a 
single exponential – the faster first step is too rapid to be captured in the measurement.  
The fit provides Dfinal at 45 degrees C as the reaction is completed in the experimental 
time.  
(b) Fit to second order rate equation for the DNA coefficient at 35 degrees C, yields the 
decay times and hence the rate constants k1 and k2. 
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Correlation between the two kinetic constants k1 and k2: 
 
To consider if and how k1 and k2 are related, consider equation 2 that connects the rate 
constant with the activation enthalpy and activation entropy 
ln (
𝑘
𝑘𝐵T/ℎ
) = ln(ω) −
∆H‡
kBT
+
∆S‡
kB
   
Now we can rewrite this as  
𝑘
𝑘𝐵T
ℎ
= ω ∗ exp (
−∆H‡
kBT
+
∆S‡
kB
) 
Applying this to the two rate processes, 
𝑘1
𝑘𝐵T
ℎ
= ω1 ∗ exp (
−∆H1
‡
kBT
+
∆S1
‡
kB
) 
𝑘2
𝑘𝐵T
ℎ
= ω2 ∗ exp (
−∆H2
‡
kBT
+
∆S2
‡
kB
) 
Hence, 
𝑘1
k2
=
ω1
ω2
∗ exp (
−∆H1
‡
kBT
+
∆S1
‡
kB
+
∆H2
‡
kBT
−
∆S2
‡
kB
) 
ln (
𝑘1
k2
) = ln (
ω1
ω2
) + (
−∆H1
‡
kBT
+
∆H2
‡
kBT
+
∆S1
‡
kB
−
∆S2
‡
kB
) 
ln (
𝑘1
k2
) = (
−∆H1
‡ + ∆H2
‡
kBT
) + (ln (
ω1
ω2
) +
∆S1
‡ − ∆S2
‡
kB
) 
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Therefore a plot of ln (k1/k2) versus 1/T should be linear, with the slope giving  
−∆H1
‡ +∆H2
‡
kB
 
and the intercept giving ln (
ω1
ω2
) +
∆S1
‡ −∆S2
‡
kB
.  For the (CCA)10 sequence we have sufficient 
data for both k1 and k2 to make this plot, which is shown below.  Two conclusions can be 
drawn.  Firstly, the plot of ln (k1/k2) versus 1/T yields a positive slope, showing that 
∆H2
‡ > ∆H1
‡
.  Secondly, the slopes are similar for different DNA-CNT combinations, 
showing that ∆H2
‡ − ∆H1
‡
 does not change, i.e., change in activation energy the fast 
process is correlated with change in activation energy for the slow process. 
 
Figure 2.13 Plot of ln (k1/k2) versus 1/T shows a linear relation for each of the DNA – 
SWCNT combinations with similar slopes 
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Figure 2.14 Eyring plots and relative rate constant for recognition sequences 
(left) Eyring plots for surfactant exchange with (a) (TAT)4 wrapped SWCNTs, (b) 
(CCA)10 wrapped SWCNTs, (c) (TTA)4TT wrapped SWCNTs,  
(right) Relative rate constant (ratio with respect to rate constant of the recognition DNA 
sequence – partner SWCNT species at the same temperature) The lower the rate constant, 
the higher is the activation energy of the DNA sequence to the SWCNT species. Here the 
error bars are the standard errors. 
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2.6.3. Corrugated Energy Profile above a Graphene Sheet 
 
The difference of binding of a DNA sequence to different SWCNTs can depend on two 
factors: the difference in arrangement of the carbon atoms and the difference in the optical 
properties of the different SWCNT chiralities. In order to understand the undulating energy 
profile over a SWCNT surface, we simplify it by considering it as a flat graphene surface 
and ignoring the curvature effects. The carbon atoms are arranged in a in a graphene lattice 
as in SI Figure 12 (a).  We took the distance between carbon atoms to be 1.42 A.  A probe 
Carbon atom interacts with the graphene lattice via an L-J potential: 
612
4













rr
V 

           
where r is the distance between the probe atom and a graphene atom.  We take  =3.39 A.  
The total potential energy of interaction is a sum of this interaction for each pair of (probe 
atom, graphene atom).  SI Figure 12 (b) shows a contour plot of potential energy in units 
of as a function of x and z.  The contour is for a value of y depicted by the dashed green 
line in the SI Figure 12 (a). 
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Figure 2.15 Potential on corrugated graphene surface 
 
So difference between maximum and minimum (V/4) = 16.2 – 15.84 = 0.36 
But  = 0.339 kJ/mol 
Hence potential energy barrier fraction (V/4) = 0.36/ ((16.2+15.84)/2) = 0.36/16.02 = 
0.022472  
Potential energy barrier fraction = 0.022472 * 4 * 0.339 = 0.030472 kJ/mol = 0.0123 kBT 
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Chapter 3 Relative hydration of DNA- single walled carbon 
nanotube hybrids using aqueous two phase system 
 
Since the difference in binding affinity and difference in partitioning can depend on DNA 
structure on the single walled carbon nanotube (SWCNT), we studied the partitioning of 
the various DNA sequences in an aqueous two phase system. DNA-SWCNT partitioning in 
the aqueous two phase is because of sensitive dependence of the free energy of hydration 
on the spatial distribution of hydrophilic groups in the DNA-SWCNT hybrid.   In this way, 
the aqueous two phase process is at the same time a technique for separation and a method 
by which to evaluate and rank hydration or solvation free energy. We found that (CCA)10 
on (6,5) SWCNT requires much higher amount of modulant to be moved from the relatively 
hydrophilic phase to the more hydrophobic phase as compared to (GT)15 on (6,5) even 
though they are both 30mers, suggesting that the solvation energy depends greatly on the 
DNA sequence. We also found that various sequences with same length but different 
repeating units of two bases exhibit different hydration energies on the same SWCNT (6,5).  
 
3.1. Introduction: 
 
Solute distribution in a two phase system depends on the relative solvation energy of 
the solute in the two phases, which in turn depends on the exact structure of the solute 
surface exposed to the phases. The single walled carbon nanotube ( SWCNT) – single 
stranded DNA hybrid is essentially an amphiphilic system, with the DNA backbone 
being the hydrophilic area and the DNA bases as well as the SWCNT surface being 
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hydrophobic regions. Various simulation studies have suggested that the DNA bases 
adsorb onto the SWCNT surface while the backbone is away from the SWCNT surface 
and faces the surrounding aqueous phase.21,22,26 This suggests that the hydrophobicity of 
the hybrid surface greatly depends on the exact coverage of the SWCNT by the DNA, 
which in turn depends on the exact structure of the DNA strand on the SWCNT surface. 
A polymer aqueous two-phase system consists of two separate but permeable aqueous 
phases which vary only slightly in their physical properties due to the difference in the 
polymer concentration in the two phases. The aqueous two phase system has been widely 
used for separation of biomolecules as the phases do not denature the biomolecules, the 
interfacial stress is much lower than in case of water – organic solvent system, leading to 
lesser chances of modification of the solute structure as it passes through the interface, 
and the small difference in hydration energy in these systems is ideal for separating 
solutes with very small structural differences.61,62 
Recently, Khripin et al.63 and Fagan et al.64 showed that surfactant coated SWCNTs 
could be separated very effectively into various chiralities using a polymer aqueous phase 
system.63,64 Further work by Geyou et al.30 have shown that partitioning of 
DNA−SWCNT hybrids in a given polymer two-phase system is strongly sequence-
dependent and can be further modulated by salt and polymer additives. SWCNT partition 
in the aqueous two phase system is determined by the SWCNT solvation energy 
difference between the two phases. Hence it is proposed that the DNA-SWCNT 
partitioning in the aqueous two phase is because of sensitive dependence of the free 
energy of hydration on the spatial distribution of hydrophilic groups in the DNA-SWCNT 
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hybrid.   In this way, the aqueous two phase process is at the same time a technique for 
separation and a method by which to evaluate and rank hydration or solvation free 
energy. 
 
3.2.  Methods: 
 
Since the difference in binding affinity and difference in partitioning can depend on 
DNA structure on the SWCNT, we studied the partitioning of the various DNA 
sequences in PEG-Dextran aqueous two phase system. We used polyvinyl pyrrolidone 
(PVP) as a modulant to move the DNA-SWCNT hybrids to top phase. The amount of 
PVP required to move the hybrid from relatively hydrophilic bottom phase to relatively 
hydrophobic top phase gives a measure of the hydrophobicity of the hybrid. 
For dispersion of SWCNTs with a given DNA sequence, a total volume of 1 mL of the 
DNA and SWCNT mixture in phosphate buffer was sonicated in an ice bath for 90 minutes 
at a power level of 8 W. The SWCNT/DNA mass ratio was 1:1.5. After centrifugation at 
16100g for 90 min, the supernatant of the DNA-SWCNT dispersion was collected. The 
dispersion was then passed through an Amicon 100kDa filter and resuspended in DI water 
three times in order to remove free DNA and the phosphate salts. The concentration of the 
dispersion was adjusted such that at 20 times dilution, the absorbance at 990 nm was ~0.5.  
The aqueous two phase system consisted of 5 % (w/w) PEG (6 kDa) and 10 % (w/w) 
Dextran (70 kDa) in DI water. The total volume of the aqueous two phase system including 
the DNA-SWCNT dispersion and PVP solution was fixed at 500 uL. The volume of 
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dispersion added was fixed at 25 uL. Partitioning of SWCNTs in the aqueous two phase 
was obtained by vortex mixing of the mixture of PEG solution, Dextran solution, PVP 
solution and DNA-SWCNT dispersion in a microcentrifuge tube for 1 min followed by 
centrifugation at 16100g for 2 min.  Figure 3.1. shows qualitatively the use of PVP to adjust 
the phase in which the DNA/SWCNT hybrids reside.  With increasing PVP concentration 
the hybrids move from the bottom to the top phase. 
 
 
Figure 3.1 With the addition of PVP, the DNA-CNT hybrid moves from being mostly in 
the bottom phase to mostly in the top phase 
 
Absorbance measurements were performed on a Varian Cary 50 spectrophotometer 
over the wavelength range of 200−1100 nm using a 10 mm path length quartz microcuvette. 
Fractions of the top and bottom phases were collected using a pipette and diluted for 
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absorbance measurements. Blank top or bottom phases of aqueous two phase systems 
without SWCNTs were collected and diluted in the same way as the corresponding 
SWCNT fractions for baseline measurements. 
 
Figure 3.2 shows typical absorbance spectra of the bottom phase demonstrating the 
transfer of material from the lower to upper phase.  We can also observe that the transfer 
is not uniform across all species.  For example, we observe the “hump” corresponding to 
(8,3) vanishes, i.e., with increasing PVP concentration it appears to move to the top phase 
earlier than (6,5). 
 
 
Figure 3.2 Absorbance spectra of the bottom phase showing decrease in DNA-CNT 
presence in bottom phase with addition of PVP modulant 
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For quantitative analysis we decompose the absorbance spectra using methods 
developed earlier for analysis of surfactant exchange experiments.25 Figure 3.3 shows a 
typical decomposition of the absorbance spectra into contributions from (9,1), (8,3), and 
(6,5) SWCNTs.  By using this decomposition, we can separately track the change in 
absorbance intensity of each SWCNT chirality.    
 
Figure 3.3 Fitted spectra showing contribution of different SWCNTs to the measured 
spectra 
 
The primary measurement is the ratio of concentrations in the two phases, the partition 
coefficient  
𝐾 =
𝐶𝑏
𝐶𝑡
     (3.1) 
Note that we are actually measuring only concentration in the bottom layer and inferring 
the one in the top layer by mass balance.  This is to avoid error due to loss of some 
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hybrids in the interface.  Assuming dilute conditions, the partition coefficient is related to 
the difference in free energy for insertion of a single hybrid in either phase, 
 
𝐾 =
𝐶𝑏
𝐶𝑡
= exp (−
𝜇𝑏
𝑜−𝜇𝑡
𝑜
𝑘𝑇
)   (3.2) 
Based on previous experience in aqueous two phase, we make the assumption for the 
sake of analysis that modulants (PEG, Dextran, and PVP) do not interact directly with the 
solute (DNA/SWCNT hybrid), but only indirectly affect the hydration free energy.  Any 
given DNA-SWCNT hybrid can be identified by the SWCNT chiral indices (n,m) and the 
DNA sequence ‘d’. ‘Recognition’ DNA sequence and SWCNT pairs were obtained from 
data reported by Tu et al. 36 
 
3.3. Results and discussion 
3.3.1. Recognition sequences 
 
We first studied the (6,5) recognition sequence: (TAT)4, the (9,1) recognition sequence: 
(CCA)10 and a control sequence: (GT)15. Initially most of the DNA-CNTs are present in 
the bottom phase only. We can move the DNA-CNTs gradually to the top phase by adding 
increasing amounts of PVP to the two phase system.  Figure 3.4. shows the distribution 
coefficient  btb ccc /  for these three sequences in hybrid with (6,5).  We found that there 
is considerable difference in the amount of PVP required to move all the DNA-CNTs from 
the bottom phase to top phase for the different sequences.  
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Figure 3.4 Distribution coefficient  btb ccc /  for three sequences. 
 
We see that (GT)15 and (CCA)10 behave very differently even though the lengths are 
same (30mers). This clearly confirms that the solvation free energy depends strongly on 
the DNA sequence.  From previous experiments described in chapter 2, we know that the 
rate at which a surfactant removes (CCA)10 is about ten times slower than removal of 
(TAT)4.
25  This appears to correlate with the fact that it take considerably larger amounts 
of PVP to move the (CCA)10/(6,5) hybrid to the top phase, i.e., it has a more negative 
solvation free energy than (TAT)4/(6,5).  We also know from previous experiments that 
(GT)15/(6,5) is removed about 7 times slower than (TAT)4/(6,5).
26  But here, (GT)15/(6,5) 
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is only slightly more hydrophilic than the (TAT)4/(6,5). This suggests that even though 
the order of hydrophilicity is same as order of binding activation energy, the two 
properties may not be directly correlated necessarily. 
 
3.3.2. Two repeat 30mers 
 
To study more systematically the effect of base composition in the DNA sequence on 
the hydrophobicity as measured by aqueous two phase, we looked at all the sixteen 
combinations of the four DNA bases taken two at a time and repeated fifteen times (i.e. 
30mer length). 
[
𝐴𝐴 𝐴𝑇 𝐴𝐺 𝐴𝐶
𝑇𝐴 𝑇𝑇 𝑇𝐺 𝑇𝐶
𝐺𝐴 𝐺𝑇 𝐺𝐺 𝐺𝐶
𝐶𝐴 𝐶𝑇 𝐶𝐺 𝐶𝐶
]   (3.3) 
Figure 3.5 shows the data on nine of these sequences.  One can see that the order of 
the bases in the repeating unit is not too important, e.g., (TA)15 is approximately 
equivalent to (AT)15.  However, the composition is very important; see the stark 
difference between (GT)15 and (AC)15.   
From the data shown in figure 3.5, we can say qualitatively that on (6,5) SWCNT, the 
30 mers with repeating units are ranked  (GT) < (AT) < (GC) < (CT) < (AG) < (AC) in 
terms of hydration energy (relative hydrophilicity). However, in order to rank them 
quantitatively, a theoretical model needs to be proposed by which the amount of 
modulant required to move the DNA-SWCNT hybrid from one phase to another can be 
converted into absolute or relative free energy of hydration.   
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Figure 3.5 Partition coefficient Ctop / Cbottom (as a function of PVP concentration for a 
number of sequences paired with the (6,5) SWCNT. 
 
3.4. Conclusion and future work 
 
We interpreted the increasing amount of modulant required to push a DNA-SWCNT 
hybrid from the relatively more hydrophilic phase to the more hydrophobic phase in the 
aqueous two phase system as a measure of relatively higher hydrophilicity of the surface 
of the hybrid.  
We found that (CCA)10 on (6,5) SWCNT requires much higher amount of modulant to 
be moved from the relatively hydrophilic phase to the more hydrophilic phase as compared 
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to (GT)15 on (6,5) even though they are both 30-mers. This suggests that the solvation 
energy depends greatly on the DNA sequence composition. Studying the repeating units of 
two of the four DNA bases taken at a time for the same length i.e. 30mer, we find that the 
solvation energy depends greatly on the bases constituting the repeating unit. The order of 
the base in the repeating unit is not so important.   
These preliminary findings are very promising and suggest that the aqueous two 
phase system can be used as an effective method to evaluate and possibly rank the 
solvation free energy of various DNA sequence - SWCNT chirality combinations. 
Various sequences in the four dimensional sequence space from say (AT)15 to (AC)15 can 
be studied systematically. Additionally, the four 30mer homopolymers can also be 
compared to the sequences studied in this work. Additionally, similar studies can be 
conducted on various SWCNT chiralities and enantiomers also.  In order to rank the 
hydration energy of these hybrids quantitatively, a theoretical model needs to be 
proposed by which the amount of modulant required to move the DNA-SWCNT hybrid 
from one phase to another can be converted into absolute or relative free energy of 
hydration.   
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Chapter 4 Stabilization of DNA base dimers near graphite 
surfaces by hydrogen bonding interactions including non-Watson–
Crick pairing 
 
Single and double stranded DNA are increasingly being paired with surfaces and 
nanoparticles for numerous applications such as sensing, imaging, and drug delivery. 
Unlike the majority of DNA structures in bulk that are stabilized by canonical Watson-
Crick pairing between Ade-Thy and Gua-Cyt, those adsorbed on surfaces are often 
stabilized by non-canonical base pairing, quartet formation, and base-surface stacking. 
Not much is known about these kinds of interactions. To build an understanding of the 
role of non-Watson-Crick pairing on DNA behavior near surfaces, one requires basic 
information on DNA base pair stacking and hydrogen bonding interactions. All-atom 
molecular simulations of DNA bases in two cases - in bulk water and strongly adsorbed 
on a graphite surface, are conducted to study the relative strengths of stacking and 
hydrogen bond interactions for each of the ten possible combinations of base pairs. The 
key information obtained from these simulations is the free energy as a function of 
distance between two bases in a pair. We find that stacking interactions exert the 
dominant influence on the stability of DNA base pairs in bulk water as expected. The 
strength of stability for these stacking interactions is found to decrease in the order, Gua-
Gua > Ade-Gua > Ade-Ade > Gua-Thy > Gua-Cyt > Ade-Thy > Ade-Cyt > Thy-Thy > 
Cyt-Thy > Cyt-Cyt. On the other hand, mutual interactions of surface adsorbed base 
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pairs are stabilized mostly by hydrogen bonding interactions in the order, Gua-Cyt > 
Ade-Gua > Ade-Thy > Ade-Ade > Cyt-Thy > Gua-Gua > Cyt-Cyt > Ade-Cyt > Thy-Thy 
> Gua-Thy. Interestingly, several non-Watson-Crick base pairings, that are commonly 
ignored, have similar stabilization free energies due to inter-base hydrogen bonding as 
Watson-Crick pairs. This clearly highlights the importance of non-Watson-Crick base 
pairing in the development of secondary structures of oligonucleotides near surfaces. 
 
The work described in this chapter was published in Shankar, A., Jagota, A., & Mittal, J. 
(2012). “DNA base dimers are stabilized by hydrogen-bonding interactions including 
non-Watson-Crick pairing near graphite surfaces.” J. Phys. Chem. B, 116(40), 12088–94.   
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4.1. Introduction 
 
Apart from being one of the important macromolecules essential for most forms of life, 
DNA is now the focus of a wide range of technological applications such as DNA-based 
nanomaterials,65–67 recognition and separation of carbon nanotubes of various chiralities,36 
biosensors and microarrays,68 gene delivery,69 and so on. Interactions between the DNA 
bases, such as stacking and hydrogen bonding determine the structure of the DNA strands, 
which in turn determine their function. Various structures of DNA such as the B,70 A,71 and 
Z72 forms of the double stranded DNA and aptamers73,74 have been studied in detail. In 
nearly all cases, double-stranded DNA structure is governed by Watson-Crick (WC) base 
pairing rules. But when these DNA strands are strongly adsorbed on a surface, some of 
these conventional DNA structures may not be possible any more. Different structures may 
be formed in these cases which may depend on non-Watson Crick pairing24 and surface 
adsorption effects.49 
 
Hydrogen bonding and stacking are the noncovalent interactions which stabilize the DNA 
double helix.20,75 Various experimental and computational studies have been carried out in 
the past on the relative strengths of stacking and hydrogen bonding interactions between 
DNA bases. Sínanoglu and Abdulnur reported some of the first theoretical work on the 
effect of solvent on base interactions and suggested that stacking interactions were favored 
by DNA bases in water due to the large surface enthalpy of water.76 NMR studies by 
Mitchell and Sigel on the stacking abilities of various purine and pyrimidine derivatives 
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such as adenosine, ATP, Mg(ATP)2-, uridine and UTP suggested that purines have higher 
stacking abilities than pyrimidines.77 Martel’s comparison of 6-methylpurine solutions with 
that of its crystalline precipitates using neutron diffraction suggested base stacking 
interactions at a separation distance of ∼ 0.34 nm between the adjacent bases.78 Hunter 
reported a computational model studying the DNA double helix in water which can predict 
sequence dependent structure and properties of the double helical DNA in water.79 Danilov 
and Tolokh conducted Monte Carlo simulations of uracil and thymine dimers in water, 
finding that stacking interactions were favored over hydrogen bonding interactions in water 
due to favorable water structure around the stacked configuration.80 Pohorille and Pratt 
carried out simulations of self-associated adenine, uracil, guanine, cytosine and adenine-
uracil, guanine-cytosine in carbon tetrachloride solvent and self-associated adenine and 
uracil in water.81 They reported that stacking interactions were favored in water and 
hydrogen bonded complexes in nonpolar solvents like carbon tetrachloride. Cieplak and 
Kollman conducted computational studies on adenine-thymine and guanine-cytosine pairs 
and found that while stacking was preferred in water, hydrogen bonded complexes were 
preferred in the gas phase.82 They also observed that hydrogen bonding interactions were 
mainly stabilized by electrostatic contribution to the free energies while stacking 
interactions were mainly stabilized by van der Waals interactions. However they reported 
that the stacking ability of guanine-cytosine pair was higher than that of adenine-thymine 
and adenine-adenine which is not consistent with the experimental observations.83 Dang 
and Kollman reported potential of mean force (PMF) curves for adenine-thymine pair in 
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water and gas phase and found free energy of stacking interactions for the pair which is 
reasonably close to the experimentally obtained value.84 
Guckian et al.75 have carried out thermodynamic measurements to study the relative 
stacking ability of the bases. The experiments were based on the ’dangling end’ effect 
which occurs when a single unpaired base is added to the end of a duplex, stabilizing the 
helix by stacking on it. They have also correlated the stacking ability of the four bases to 
their physical properties such as polarizibility, dipole moment, hydrophobicity, and surface 
area. They reported the relative stacking ability to be adenine > guanine ≥ thymine ≈ 
cytosine. Ke et al. have reported measurement of stacking interaction of single stranded 
poly-adenine and poly-thymine using atomic force spectroscopy.85 They have studied the 
effect of base stacking interactions on the molecular elasticity of the two ssDNA sequences. 
Manohar et al.29 and Iliafar et al.27,28 conducted measurements of the binding strength of 
DNA homopolymers by atomic force microscopy-based single molecule force 
spectroscopy. Binding strengths of various DNA sequences on single walled carbon 
nanotube of (6,5) chirality were measured by Roxbury et al.26 by studying the kinetics of 
DNA replacement by surfactant molecules. 
Very recently Spiwok et al. showed through their simulations that pairing formed by 
methyl-adenine and methyl-thymine favored hydrogen bonding interactions when 
adsorbed onto a graphene surface.86 Another very recent study by Linak et al. demonstrated 
the increase in accuracy of coarse grained models for DNA when Hoogsteen pairings are 
also taken into account along with Watson Crick pairings.87 The efficacy of this model was 
demonstrated by studying various DNA related phenomena such as melting of a DNA 
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hairpin, folding of thrombin aptamer containing guanine quartets and strand invasion 
during triplex formation. However, despite the importance of base stacking and base-
pairing in bulk and for surface adsorbed DNA, the associated free energies for the various 
possible combinations are not easily available from experiments or all-atom simulations. 
Some studies on adsorption of single stranded DNA on single walled carbon nanotubes 
have already been conducted by our group.22–24 Now, we take a step back and study the 
behavior of free deoxynucleosides in the presence of a surface. In this paper, we have 
performed comprehensive all-atom simulations utilizing an explicit solvent nucleic acid 
model (CHARMM27) along with enhanced sampling techniques (umbrella sampling,88 
Hamiltonian exchange89) to obtain base pair free energy as a function of distance between 
the bases in bulk water and near a graphite surface. We find that all base pairs in bulk water 
are stabilized due to stacking interactions and the free energy of stabilization is of the order 
of 3 to 5 kcal/mol. By contrast, base pairs adsorbed on a graphite surface are stabilized by 
hydrogen bonding between bases (and sometimes base and sugar) and the free energy of 
stabilization ranges from 1 to 3.5 kcal/mol. 
4.2. Models and Simulation Methods 
 
As shown in the first column of Table 4. 1, there are ten possible dimer combinations for 
the four DNA bases. We obtain the all atom co-ordinates of the ten possible 
deoxynucleoside (only the nitrogenous base attached to a deoxyribose sugar) pairs of DNA. 
We will hereafter refer to the four deoxynucleosides i.e. Deoxyadenosine, 
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Deoxyguanosine, Deoxythymidine, and Deoxycytidine as Ade, Gua, Thy, and Cyt 
respectively. We use the GROMACS 4.5.3 molecular dynamics (MD) package90,91 to 
simulate these base pairs in a 4.0 × 4.0 × 4.0 nm3 octahedral explicit water box with about 
1600 TIP3P92 water molecules, with a total system size of about 5000 atoms in the bulk 
water case. For the case where the bases are adsorbed on a graphite surface, we simulate 
the base pairs in a 3.68 × 3.83 × 6.0 nm3 rectangular explicit water box with 2200 TIP3P 
water molecules, with a total system size of about 8500 atoms (see Figure 4.1).  
 
 
Figure 4.1 Initial configurations for molecular simulations of DNA bases in (left) bulk 
explicit water box and (right) adsorbed on graphite surface in an explicit water box. 
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All the simulations are conducted using the all atom CHARMM27 force field 93,94 for 
nucleic acids for a time period of 27 nanoseconds, using a time step of 2 femtoseconds. 
Electrostatics interactions are treated with the particle mesh Ewald (PME) method95 with a 
cutoff of 0.9 nm. Van der Waals interactions are calculated with a cutoff of 1.2 nm. The 
simulations are carried out at temperature 300 K and pressure 1 atm. The simulation 
snapshots are saved every 2 picoseconds in a trajectory. We use Parrinello-Rahman 
isotropic pressure coupling barostat for the bulk water case and Parrinello-Rahman semi-
isotropic pressure coupling barostat96 in case of surface adsorbed bases with a time constant 
of 0.5 picoseconds. The graphite atoms are constrained to a fixed position throughout the 
simulations. 
 
In order to sample the regions which would otherwise be inaccessible due to high free 
energy barrier along the center of mass distance between the two base nitrogenous rings, 
we use umbrella sampling method.88 In this method, one applies a biasing harmonic 
potential so that regions with low probabilities are also sampled. In case of bases in bulk 
water, we applied an umbrella bias with a force constant of 1000 kJ/(nm2-mole) to constrain 
the center of mass distance between the two base nitrogenous rings at twenty different 
values ranging from 0.25 nm to 1.5 nm. In case of bases adsorbed on the graphite surface, 
application of only umbrella bias did not ensure sufficient sampling of all possible pair 
structures and reproducible results could not be obtained. Specifically, the calculated free 
energy curve depended on the initial configuration of the bases. This is due to the fact that 
the hydrogen bonds between bases once formed did not break and re-form to allow 
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sampling of all possible structures within the given distance constrained by umbrella bias. 
Hence, umbrella sampling with Hamiltonian exchange89 is carried out using the Plumed97 
plugin along with the GROMACS molecular dynamics package (see appendix Figure S1 
and S2). An umbrella bias with a force constant of 2000 kJ/(nm2-mol) is applied to restrain 
the center of mass distance between the two base nitrogenous rings at sixteen different 
values ranging from 0.35 nm to 1.5 nm. We obtain the potential of mean force (PMF) plots, 
showing the free energy G(r) at various center of mass distances r between the base 
nitrogenous rings, for all the ten base pairs using the weighted histogram analysis method 
(WHAM).98 The first seven nanoseconds are discarded as equilibration time. Error bars are 
obtained by averaging over two halves of the data from the remaining 20 nanoseconds. We 
also obtain the typical base pair structures at the free energy minimum by using a clustering 
technique99 based on structural similarity. In this technique, we compare the structures of 
the base pairs in the trajectories and group them into clusters with a root mean square 
(RMSD) cutoff distance of 0.15 nm. Thus, we can identify the structures the base pairs are 
in for most of the simulation time. The clusters are visualized using the visual molecular 
dynamics (VMD) package.100 
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Figure 4.2 PMF and typical structures of base pairs in bulk water  
(Left) PMF plots showing free energy G (kcal/mol) at various distances between bases 
in bulk water. (Right) Typical clusters of the base pairs in bulk water at the free energy 
minima show only stacking interactions 
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Table 4.1 Minimum in free energy and the location of minimum for stacking and 
Hydrogen bonding (HB) interactions 
Base pair Gstackbulk r
stack GHBgraphite r
HB 
 (kcal/mol) (nm) (kcal/mol) (nm) 
Gua-Gua -5.25 ± 0.18 0.36 ± 0.01 -1.92 ± 0.00 0.70 ± 0.01 
Ade-Gua -4.80 ± 0.11 0.36 ± 0.01 -3.08 ± 0.00 0.69 ± 0.01 
Ade-Ade -4.60 ± 0.13 0.36 ± 0.01 -2.18 ± 0.00 0.64 ± 0.01 
Gua-Thy -4.26 ± 0.04 0.36 ± 0.01 -0.79 ± 0.10 0.61 ± 0.01 
Ade-Thy -4.05 ± 0.20 0.36 ± 0.01 -2.82 ± 0.00 0.60 ± 0.01 
Gua-Cyt -4.04 ± 0.26 0.38 ± 0.01 -3.49 ± 0.01 0.55 ± 0.01 
Ade-Cyt -4.02 ± 0.09 0.36 ± 0.01 -1.40 ± 0.18 0.61 ± 0.01 
Thy-Thy -3.65 ± 0.07 0.37 ± 0.01 -1.36 ± 0.03 0.62 ± 0.01 
Cyt-Thy -3.37 ± 0.21 0.38 ± 0.01 -2.09 ± 0.15 0.52 ± 0.01 
Cyt-Cyt -2.97 ± 0.70 0.37 ± 0.01 -1.77 ± 0.03 0.53 ± 0.01 
 
4.3. Results and Discussion 
4.3.1. Potential of Mean Force for DNA base pairs in bulk 
 
First we look at the base pair stability in bulk water in the absence of any surface. The 
potentials of mean force (PMF) curves show the relative free energies at different center of 
mass distances between the two base nitrogenous rings. Hence, the minimum free energy, 
associated with contact between DNA base pairs, is representative of their relative stability. 
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Figure 4.2 (left panel) shows the presence of a dominant free energy minimum at contact 
for all the ten base pairs. This minimum is located at a center of mass distance of ≈ 0.37 
nm between the two base nitrogenous rings. This suggests that the base pairs in bulk liquid 
are stabilized due to stacking interactions as the equilibrium spacing for base stacking is 
roughly the same.78 In order to obtain and study typical base pair configurations, we use a 
clustering technique based on structural similarities and visualize them using VMD.100 The 
analysis confirms that interactions between base pairs in bulk water are mainly stabilized 
by stacking interactions between them, as shown in Figure 4.2 (right panel). 
 
In Table 4.1, the second and third columns indicate the stacking free energy (minimum 
in the PMF curve) for a given base pair and the distance between the centers of mass of the 
bases’ nitrogenous rings where this free energy minimum occurs, respectively. These free 
energy values represent stacking interactions alone as checked from the simulation 
trajectory and do not have any contribution from hydrogen bonding interactions. It can be 
seen that the order of stacking free energies for the various base pairs in bulk water found 
in our simulations tally qualitatively with the known data obtained from previous 
experimental and theoretical work101 i.e. Purine - Purine > Purine - Pyrimidine > 
Pyrimidine - Pyrimidine. But the quantitative values vary from the data obtained by the 
previous study which used implicit solvent environment (see appendix Figure S3). As 
summarized by Friedman and Honig, a wide range of free energy values have been obtained 
for the same base pair by experimental studies.101 For example, the value for stacking free 
energy for Ade-Ade has been reported as 1.21 kcal/mol by Mitchell and Sigel77 and as 5.73 
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kcal/mol by Morcillo et al.102 The value we obtained from our simulations for Ade-Ade 
stacking free energy i.e. 4.6 kcal/mol falls within this range. The nitrogenous aromatic rings 
of the bases have two distinct faces. For the sake of clarity we follow a nomenclature in 
which the two faces of the planar aromatic rings of each nitrogenous base are assigned the 
name ‘a’ or ‘b’ as explained in the Appendix (Figure S4). Since we apply umbrella bias to 
constrain the center of mass distance between the two base nitrogenous rings only, the two 
bases are theoretically allowed to sample both orientations with respect to each other. But 
we find that once the bases enter a stable configuration, they remain in the same 
configuration throughout the simulation as the energy penalty for the bases moving away 
from each other and flipping into the other configuration is high. We can allow the bases 
to change configurations during the simulation by using umbrella sampling with 
Hamiltonian exchange. We find that the bases have almost equal probability of being in 
each of the two possible configurations (see Appendix Figure S5, suggesting that the bases 
in bulk water do not have a preference for any one of the two possible configurations). 
Also, the PMF we obtain by applying umbrella sampling and umbrella sampling with 
Hamiltonian exchange are nearly identical (see Appendix Figure S6). 
 
4.3.2. Configurations of DNA bases adsorbed on graphite surface 
 
We now look at the base pair interactions between the DNA bases adsorbed on to a graphite 
surface. The base pairs can be adsorbed on the surface in three possible configurations in 
case of the four homogeneous base pairs (Ade-Ade, Cyt-Cyt, Gua-Gua, and Thy-Thy) and 
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four possible configurations in case of the remaining heterogeneous base pairs. This can be 
visualized by comparing the planar aromatic rings of the nitrogenous bases with coins with 
two distinct faces. Two different coins with two distinct faces can be flipped and placed on 
a surface in four ways. Two identical coins can be placed in three different ways. For the 
sake of clarity we follow a nomenclature in which the two faces of the planar aromatic 
rings of each nitrogenous base are assigned the name ‘a’ or ‘b’ as explained in the Appendix 
(Figure S4). To account for the effect of the orientation of the aromatic ring with respect to 
the substrate on which it is adsorbed, we simulated Ade-Ade, Ade-Thy and Gua-Cyt base 
pairs in all their possible configurations. The resulting potential of mean force plots are 
shown in Figure 4.3 (left panel). In case of Ade-Ade and Ade-Thy, all PMF curves show 
similar free energy minima at approximately the same distances. Hence, we can make the 
assumption that the free energies for the different configurations of a particular base pair 
are not very different. The one exception to this is Gua-Cyt, as they can form three 
hydrogen bonds in the a-b and b-a configurations, but only two hydrogen bonds in the a-a 
and b-b configurations (See Figure 4.3). So we study Gua-Cyt pair in the a-b configuration. 
For all other base pairs, we study the a-a configuration. Figure 4.3 also shows the typical 
base pair structures using a clustering techniques based on structural similarity, as done in 
the previous case. As shown in Figure 4.3 (right panel), the Ade-Thy pair is found to exhibit 
five structures,14 Watson-Crick pairing, reverse Watson-Crick pairing, Hoogsteen pairing, 
reverse Hoogsteen pairing and another wobble base pair structure. At least three of these 
structures are observed for each of these four possible starting configurations for Ade-Thy. 
In case of Ade-Ade, we observe two hydrogen bonds between the two bases for all the 
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three starting configurations. In case of Gua-Cyt, we observe three hydrogen bonds 
between the bases in the a-b and b-a configurations and only two hydrogen bonds in the 
other two configurations. 
 
4.3.3. Potential of Mean Force for DNA bases adsorbed on graphite surface 
 
Next we obtain the PMF plots for the ten pairs of DNA bases adsorbed on a graphite 
surface. It can be observed in Figure 4.4. (left panel) that most base pairs have primary as 
well as secondary free energy wells. This is due to the fact that the base pairs can form 
hydrogen bonds at lower distances to form various pair structures and intermolecular sugar-
base hydrogen bonds can form at higher distances (see Appendix Figure S7). Using a 
clustering technique based on structural similarity, with RMSD cutoff of 0.15 nm, we 
obtain the typical base pair structures stabilizing the system at the distance r where we 
observe a primary free energy minimum. 
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It is observed that these base pairs, when adsorbed on the surface, form hydrogen bond 
interactions (Figure 4 (right panel)). This is consistent with the recent findings by Spiwok 
et al.,86 where they reported that hydrogen bonding interactions are more stable 
arrangements for a base pair when adsorbed onto a surface. It must be noted here that 
when bases are adsorbed onto the graphite surface, the base - surface π stacking is very 
important and a dominant force.29,103 However, base adsorption on a graphite surface is 
so strong that base pairing strength in this case depend on differences in interactions 
mainly hydrogen bonding. Base stacking is not favored here and the aromatic rings of 
adsorbed bases lie flat on the graphite surface. It may be useful to contrast this with 
 
Figure 4.3  PMF and typical structures of base pair configurations on graphite surface 
(Left) PMF plot showing free energy minima for (a) the three possible configurations of 
Ade-Ade, (b) the four possible configurations of Ade-Thy and (c) the four possible 
configurations of Gua-Cyt. (Right) The typical structures of different configurations of the 
base pairs Ade-Ade, Ade-Thy and Gua-Cyt adsorbed on graphite surface at free energy 
minima showing hydrogen bond interactions. 
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previous work by Wenping104 where the bases stack with each other such that the plane 
of the base nitrogenous rings are perpendicular to the surface of a highly charged surface 
of a carbon nanotube. Similar configurations have been reported in another previous 
study conducted by Akca et al.105 where they found that short strands of single-stranded 
DNA assemble into two distinct patterns, small spherical particles and elongated 
networks on the graphite surface. They presented the argument that the observed 
assembly behavior was caused by a crossover in the competition between base-base π 
stacking and base-graphene π stacking. But in the latter study, the structures were formed 
in the presence of a backbone. In our studies, we study free DNA bases in the absence of 
a backbone. 
 
 
Figure 4.4  PMF and typical structures of base pairs on graphite surface 
(Left) PMF plots showing free energy G (kcal/mol) at various distances between bases 
when adsorbed on graphite surface.  
(Right) Typical structures of various base pairs adsorbed on a graphite surface (not 
shown) at free energy minimum showing hydrogen bond interactions by red dashed lines. 
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In Table 4.1, the fourth and fifth columns indicate the minimum value for free energy of 
hydrogen bonding for the corresponding base pairs and the distance between the centers of 
mass of the bases where this minimum free energy occurs, respectively. These values 
represent in-plane base-base hydrogen bonding interactions only and do not involve base 
stacking. The data in Table 4.1 show that the two Watson-Crick base pairs, Ade-Thy and 
Gua-Cyt, are the most stable. But it is seen that Ade-Ade base pair interaction is also 
significant when compared to that of the Watson-Crick pairs. Indeed, free energies for 
several other non-Watson-Crick base pairs are significant in value compared to the Watson-
Crick base-pairs. It is observed that the relatively high stability of Ade-Gua is due to the 
formation of intermolecular base-sugar hydrogen bond. We notice that free energy 
minimum is at larger distances ≈ 0.7 nm for the larger base pairs, i.e. Ade-Gua, Gua-Gua, 
and Ade-Ade, and at smaller distances ≈ 0.50 nm for smaller base pairs such as Cyt-Cyt, 
Cyt-Thy, and Thy-Thy. It is also noted that the hydrogen bonding free energy of Gua-Cyt 
is not 1.5 times that of Ade-Thy. Hence, for an accurate coarse grained model for DNA 
near surfaces, the non-Watson-Crick base pair interactions cannot be ignored. For example 
Linak et al.87 have shown in their recent studies the importance of Hoogsteen pairing in 
building a more accurate coarse grained model for DNA. Various experimental 
measurements of Watson-Crick hydrogen bond strength have been conducted and reported 
in the literature.106–109 Most recently, Kool and co-workers have estimated these values to 
be between 0.7 to 1.6 kcal/mol per hydrogen bond .110 All the base pairs except Gua-Cyt in 
one particular configuration form one or two hydrogen bonds. For two hydrogen bonds, the 
range of values will be 1.4 to 3.2 kcal/mol without taking into account the reduction in free 
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energy due to co-operative effect for multiple hydrogen bonds. The hydrogen bond free 
energies we obtain range from 1.36 to 3.08 kcal/mol (excluding Gua-Cyt which forms three 
hydrogen bonds) approximately fall within the expected range as mentioned above. 
Similarly, the expected range for three hydrogen bonds without taking into account the 
reduction in free energy due to co-operative effect for multiple hydrogen bonds is 2.1 to 
4.8 kcal/mol. The value we obtain for Gua-Cyt is 3.49 kcal/mol, which falls within this 
range. 
One should keep in mind that our simulations include DNA dimer interactions only. 
Other interactions involving more than two bases, such as guanine quartets,111 adenine-
thymine quartets47 will be conducted in future studies. We also note that one may expect to 
find differences in the interactions between base pairs in the absence of a backbone (as 
studied here) and base pairs as part of a long DNA strand. In the former case, all of the 
hydrophobic base rings are exposed and can interact with the hydrophobic surface with 
little hindrance. In the latter case, the hydrophobic base rings in the DNA strand will 
interact with the hydrophobic surface in the presence of competing backbone-solvent and 
backbone-surface interactions. We expect that the results presented in this manuscript, 
quantifying base-base interaction parameters for isolated base pairs, will allow a systematic 
study of such questions in future.22,112 
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4.4. Concluding Remarks 
 
We find that base pairs in bulk water are stabilized by stacking interactions as expected. 
The order of stability in bulk liquid is found to be (Gua-Gua > Ade-Gua > Ade-Ade > 
Gua-Thy > Gua-Cyt > Ade-Thy > Ade-Cyt > Thy-Thy > Cyt-Thy > Cyt-Cyt). Hydrogen 
bonding interactions are not observed in any of these cases, indicating that stacking 
interactions are much stronger than hydrogen bonding interactions under these conditions. 
In case of base pairs adsorbed on a graphite surface (strong base-surface stacking due to 
π−π interactions), because the propensity of bases to stack is satisfied by their adsorption 
onto the surface, dimer stabilization is dominated by hydrogen bonding interactions. The 
order of strength for hydrogen bonding interactions is (Gua-Cyt > Ade-Gua1 > Ade-Thy > 
Ade-Ade > Cyt-Thy > Gua-Gua > Cyt-Cyt > Ade-Cyt > Thy-Thy > Gua-Thy). 
It is found that the base pair Ade-Ade has comparable stability relative to the Watson-Crick 
pairs Ade-Thy and Gua-Cyt. The other non-Watson-Crick pairs too have free energies 
which are comparable to that of Watson Crick pairing free energy. 
Various all atom force-field models for nucleic acids have been able to successfully 
predict the structural properties of DNA. 113–117 However, most of the interesting biological 
and physical phenomena involving DNA have characteristic time and length scales which 
demand currently infeasible computational requirements for long base sequences.118 Hence, 
there is a need for an accurate coarse grained model to enable the study of these DNA 
                                                     
1 The high stability of this pair is due to the formation of intermolecular base-sugar hydrogen bonding 
interactions during the course of our simulations 
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related phenomena. There have been various coarse grained models proposed for single 
stranded and double stranded DNA sequences.118–123 But none of the existing coarse 
grained models (except the one by Linak et al.87 that includes Hoogsteen base pairing) 
account for the possibility of non-Watson-Crick base pairings which are very important for 
accurate modeling of single stranded DNA adsorbed onto surfaces. Thus, these models are 
incapable of capturing several phenomena involving DNA sequences in the presence of 
surfaces. The essential information needed for building such a model is the relative 
strengths of stacking and hydrogen bonding interactions for each of the ten possible pairs 
of DNA bases which we obtain here from all-atom simulations. 
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4.6. Appendix  
S1. Sampling efficiency for DNA bases adsorbed on graphite 
 
Figure 4.5 Sampling histogram for Gua(a) - Cyt(a) adsorbed on graphite surface using 
umbrella sampling with Hamiltonian exchange 
 
The simulations are carried out using umbrella sampling with Hamiltonian exchange. An 
umbrella bias of 2000 kJ/(nm2/mol) is applied to restrain the distance between the centers 
of mass of the two DNA bases at 16 different values ranging from 0.35 to 1.5 nm. The 
histogram depicting the sampling shows that sampling is quite good in the region 0.60 nm 
to 1.50 nm. There is sufficient overlap between the replicas to enable the extraction of 
potential of mean force (PMF) curve from this data using the WHAM algorithm.98  
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S2. Drawback of simulations using umbrella sampling for DNA bases adsorbed on 
graphite surface 
 
 
Figure 4.6 PMF and typical configuration of Ade-Thy obtained using umbrella sampling 
from (a) first run and (b) second run  
 
(b) 
(a) 
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When we simulate the DNA bases Ade-Thy adsorbed on graphite surface using umbrella 
sampling two times, we observe that the results vary each time. During the first run (see 
Figure S2 (a)), the base pairs remain in the reverse Watson-Crick configuration for most 
of the simulation time. In case of the second run (see Figure S2 (b)), the bases remain in 
the Hoogsteen configuration for most of the simulation time. This happens because without 
Hamiltonian exchange, the hydrogen bonds are not broken and re-formed. Hence we are 
unable to sample all the possible configurations in a reasonable amount of simulation time. 
In order to overcome this problem, we use umbrella sampling with Hamiltonian exchange, 
allowing us to sample the various possible configurations of the bases. 
 
S3. Qualitative comparison of stacking free energy values 
 
Figure 4.7 Scatter plot comparing stacking free energy values obtained by us and by 
Friedman & Honig 
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The scatter plot shows that qualitatively the values for free energy of stacking of the base 
pairs obtained by us and from previous studies reported Friedman and Honig101 are similar 
i.e. the stacking order is same. We obtain new quantitative values using explicit solvent 
and assign ranking to the base pairs according to their stacking free energy. 
 
S4. Nomenclature for various starting configurations of DNA bases adsorbed on graphite 
surface 
 
Figure 4.8 Nomenclature for the two possible configurations of each DNA base (Ade, 
Thy, Gua and Cyt) adsorbed on a graphite surface 
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Here, we are looking at the plane of the nitrogenous rings of the bases from above and the 
graphite sheet is below this plane. 
For purines (Ade and Gua): When we move from the sugar – N9 bond towards the right 
(anti-clockwise from N9), if the next atom is C4, then the configuration is designated as 
‘a’, else as ‘b’. 
For pyrimidine (Thy and Cyt): When we move from the sugar – N1 bond towards the 
right (anti-clockwise from N1), if the next atom is C2, then the configuration is 
designated as ‘a’, else as ‘b’. 
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S5. Comparison of time spent by DNA bases in bulk water in each of the two 
configurations a-a and a-b in simulations with umbrella sampling and umbrella sampling 
with Hamiltonian exchange 
 
 
Figure 4.9 PMF with respect to dot products of the unit normals drawn to the planes of 
the nitrogenous aromatic rings of Ade and Thy in bulk water 
 
In simulations with umbrella sampling, the bases remain in a-b configuration throughout 
the simulation. This is because the applied umbrella bias results in high energy penalty 
for the bases to move away from each other and flip into the other configuration. 
In simulations with umbrella sampling with Hamiltonian exchange, the bases can sample 
both configurations. The bases spend almost equal time in both the configurations, 
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suggesting that the bases do not have a preference for any one of the two possible 
configurations.  
 
S6. Comparison of the PMF plots obtained from simulations with umbrella sampling and 
umbrella sampling with Hamiltonian exchange 
 
 
Figure 4.10 PMF plots for Ade-Thy in bulk water obtained from simulations with 
umbrella sampling and with umbrella sampling with Hamiltonian exchange are nearly 
identical. 
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S7. Secondary minima due to hydrogen bonding interactions between DNA base and 
sugar  
 
 
Figure 4.11 Hydrogen bonding interactions involving both base and sugar, 
causing secondary free energy minima for bases adsorbed on graphite surface at 
distances higher than where the primary minima occur 
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Chapter 5 Energetic Basis of Single Wall Carbon Nanotube 
Enantiomer Recognition by Single Stranded DNA   
 
 
 Hybrids of single stranded DNA and single walled carbon nanotubes have proven very 
successful in separating various chiralities and, very recently, enantiomers of carbon 
nanotubes using aqueous two-phase separation. This technique sorts objects based on 
small differences in hydration energy, which is related to corresponding (small) differences 
in structure. Separation by handedness requires that a given ssDNA sequence adopt 
different structures on the two SWCNT enantiomers.  Here we study the physical basis of 
such selectivity using a coarse grained model to compute the energetics of ssDNA wrapped 
around an SWCNT.  Our model suggests that difference by handedness of the SWCNT 
requires spontaneous twist of the ssDNA backbone.  We also show that differences depend 
sensitively on the choice of DNA sequence. 
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5.1. Introduction 
 
Single walled carbon nanotubes (SWCNTs) are low dimensional tubular structures of 
a single layer of sp2 hybridized carbon atoms bonded in a hexagonal lattice except at their 
ends.1 They can be classified as chiral and achiral SWCNTs, which have a direct effect on 
their properties such as being metallic and semiconducting.3 Like other chiral molecules, 
chiral SWCNTs can exist as right handed and left handed enantiomers. 
Due to their extraordinary mechanical, electronic and optical properties6,7, SWCNTs 
have found a number of applications in the recent times such as thin film transistors8,9, 
organic photovoltaics10, various types of biosensors13–15 and targeted drug delivery16,17. 
Many potential biomedical and sensing applications require separation of nanotubes 
according to chirality and handedness such as optical transition based applications124,125, 
molecular sensing of amino acids126 and chirality based effects.127,128 Because of this, it is 
important to develop separation techniques for sorting nanotubes based on their chirality 
and handedness.  A number of techniques have been developed, including density gradient 
centrifugation, DNA-assisted separation129 and aqueous two phase separation30,63,64. 
However, most of these techniques can only separate the nanotubes according to their 
chiralities and not handedness. Some previous work has been done in which SWCNT chiral 
enantiomers have successfully been separated using density gradient 
ultracentrifugation4,130 and block co-polymers131 .  
The structure of DNA on SWCNT has been probed in many ways including molecular 
dynamics (MD) simulations21–24, measuring activation energy of displacement of DNA by 
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a surfactant25,26, AFM studies27–29 and aqueous two phase separations30. MD simulations 
have given some idea of how DNA adsorbs onto the SWCNT surface. Surfactant exchange 
studies, aqueous two phase studies and AFM studies have given an idea of the total binding 
free energy, activation barriers and small differences in solvation energy for different DNA 
sequences on different SWCNT chiralities. 
The DNA assisted methods of separation usually exploit the differences in the DNA 
structure on various SWCNT types including chiralities and enantiomers. The purpose of 
this paper is to develop a physical model for the energetics behind DNA based enantiomer 
separation.  From all the previous work, we hypothesize that separation relies on small 
differences in solvation free energy that are reflected in small differences in structure, for 
which we have as proxy small differences in binding energy of the hybrid. Accounting for 
the various contributions to this energy, such as adhesion between bases and the SWCNT, 
hydrogen bonding between bases, bending and torsion of ssDNA, we ask what it is that 
allows enantiomeric recognition to happen.  
 
5.2.  Methods 
5.2.1. Representation and Structure of the Hybrid 
We studied three different SWCNT types, (10,0), (6,5) and (5,6)  The coordinates for 
the carbon atoms in each SWCNT of length ~ 40 nm were generated using the “Nanotube 
builder” in the VMD package.100 We used a coarse grained model in which each ‘mer’ in 
ssDNA is represented by two-beads. This is the simplest coarse-grained model that allows 
us to incorporate base-specificity and surface adsorbed structures with bases that alternate 
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on each side.121 One bead represents the backbone (consisting of the sugar and phosphate) 
and the second bead is for the base. The co-ordinates for each bead were generated using 
code written in MATLAB®. While building this model, we made some assumptions based 
on data acquired using all atom molecular dynamics simulations done previously such as: 
each DNA strand backbone adopts a strictly helical configuration and the DNA bases 
alternate on each side of the backbone.21–24,132 
The SWCNT is placed along the Z-axis and the DNA backbone beads are arranged 
along a helical path which is co-axial with the SWCNT. The bond between the backbone 
bead and the base bead is perpendicular to the local tangent to the backbone, and alternates 
on either side of it.22 Given a starting point of the helical backbone, all bead positions are 
therefore specified once the helical angle or pitch is given.  In case of a single DNA strand 
on the SWCNT, the position of the first backbone bead is sampled over the nanotube 
surface in the angular and axial direction.  A representative figure of one DNA strand on 
nanotube model is shown in figure 5.1, with the carbon nanotube atoms in black, DNA 
backbone beads in blue, and DNA base beads in pink. The pitch angle ‘’is as defined in 
the figure 5.1 inset, where ‘a’ is the helix diameter and 2c is the pitch of the helix. When 
the helix is left handed, ‘c’ and ‘’ are both negative and for right handed helix, they are 
positive. When ‘’ is ± /2, the helix simply becomes a circle and when it is zero, the helix 
is a straight line parallel to the helix axis (in this case the z-axis). 
  Table 5.1 provides values of the various parameters used to construct the model. 
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Figure 5.1 DNA-SWCNT coarse grained model 
Helical conformation of an (AT)10 ssDNA sequence wrapped helically around a (6,5) 
SWCNT.  SWCNT carbon atoms are in black, the DNA backbone beads (phosphate + 
sugar) are in blue, the blue line shows the helical backbone, and the DNA base beads are 
in pink. 
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Table 5.1 Parameters for DNA-CNT model co-ordinates 
 Value used Source 
Radius of 
SWCNT  
i) (6,5) 
ii) (5,6) 
iii)       (10,0) 
 
i) 0.373 nm 
ii) 0.373 nm 
iii) 0.392 nm 
CNT Diameter  
= (n2 + m2 + nm) 1/2 * 0.0783 
nm133 
Distance 
between 
SWCNT surface 
and ssDNA 
backbone (dcp) 
0.592 nm Ref. 22 
Distance 
between 
SWCNT surface 
and base (dcb) 
0.365 nm Ref. 22 
Radius of helix  
i) (6,5) 
ii) (5,6) 
iii)       (10,0) 
 
i) 0.965 nm 
ii) 0.965 nm 
iii) 0.984 nm 
 
CNT radius + distance from 
SWCNT to backbone 
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Distance of base 
from SWCNT 
axis  
i) (6,5) 
ii) (5,6) 
iii)       (10,0) 
 
 
i) 0.738 nm 
ii) 0.738 nm 
iii) 0.757 nm 
 
CNT radius + Distance from 
SWCNT to base 
Distance from 
backbone to base 
(Adenine)  
(dpb-Ade) 
0.64 - 0.8 nm Ref. 118 
Distance from 
backbone to base 
(Thymine)  
(dpb-Thy) 
0.49 - 0.6 nm Ref. 118 
Distance 
between two 
consecutive 
backbone beads 
(dpp) 
0.65 nm Ref. 22 
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5.2.2. Energy Potentials 
Our goal is to calculate the energy of a DNA-SWCNT hybrid as a function of helical 
pitch and number of strands.  We treat the SWCNT as rigid and so its carbon atoms are 
fixed and there is no need to specify or compute their internal interactions.  The variable 
contributions that are summed to obtain the total energy are  
 
 Adhesive interaction between DNA bases and SWCNT atoms,  
 Hydrogen bonding between DNA bases,  
 Bending and torsional energy of the DNA backbone 
 Base-backbone repulsion 
 Exclusion energy to prevent overlap of bead volume 
It is assumed that electrostatic interactions are subsumed into the bending and torsional 
energies.  
 
5.2.2.1. Adhesion energy between bases and SWCNT 
 
We represent the adhesive interaction between the base beads and the SWCNT by a 12-6 
Lennard-Jones potential 
  𝐸𝑎𝑑ℎ𝑒 = ∑ 4 ∈𝑎𝑑ℎ𝑒 [(
𝜎𝑎𝑑ℎ𝑒
𝑟𝑐𝑏
)
12
− (
𝜎𝑎𝑑ℎ𝑒
𝑟𝑐𝑏
)
6
]     (5.1) 
Where rcb is the distance between the base bead and a SWCNT carbon atom.  The values 
of σadhe and εadhe for each type of base are obtained by calibrating equation (5.1) against 
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experimental data reported by Iliafar et al. for adhesion energy per base for each DNA base 
on graphite 27 and SWCNTs28.   We set σadhe as 0.34 nm and found the values of εadhe for 
which Eadhe equaled the experimentally obtained values for the particular base and substrate 
in the above mentioned works on graphite and SWCNT. These values of εadhe and σadhe 
were then used in equation (5.1) to obtain adhesion energies between base beads and 
SWCNT carbon atoms. The values we found and used in our model are εadhe = 0.636 and 
0.726 kT for A and T on graphite, respectively to get Eadhe ~ 9.9 kT per Ade on graphite 
and Eadhe ~ 11.3 kT per Thy on graphite.  Based on measurements of adhesion energy per 
base on SWCNTs, we obtain εadhe = 3.346 kT and 2.039 kT for A and T, respectively.  Note 
that there is a significant and surprising increase in binding energy between ssDNA and 
SWCNTs compared to flat graphite.  Unless otherwise stated, we have used the measured 
value for binding energy for ssDNA strands against surface deposited SWCNTs.  
Note that the ssDNA base-SWCNT interaction is sensitive to chirality in that a 
given DNA conformation will have different energies depending on the chirality of the 
SWCNT (e.g., (6,5) vs (5,6)) because it ‘sees’ a different arrangement of atoms in the two 
cases.  However, this interaction has the following symmetry.  If we take a certain ssDNA-
SWCNT hybrid, say right-handed (TAT)4 on (6,5), then it will have the same energy as its 
mirror image, i.e., a left-handed (TAT)4 conformation on (5,6). 
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5.2.2.2. Bending energy of backbone 
 
We assign a resistance to bending that is quadratic in the bending angle, and allow the 
possibility of spontaneous bending, i.e., that the ssDNA is naturally bent.  
  
𝐸𝑏𝑒𝑛𝑑𝑖𝑛𝑔 =
1
2
𝑘𝑏(𝜃𝑏𝑒𝑛𝑑 − 𝜃0)
2       (5.2) 
 
The bending stiffness includes intrinsic bending resistance and electrostatic self repulsion.  
To establish the order of magnitude value of kb we rely on experimental measurements that 
show persistence length of ssDNA in solution to be about 8 Angstroms, although it can be 
quite a bit larger at lower salt concentration.134 For this reason we can treat it as a lower 
limit.   We first tried to get a reasonable value for kb (see appendix S1) and estimate kb ~ 
4kT.  
bend is the angle formed by three consecutive backbone beads. So for an ssDNA with ‘n’ 
bases, there will be (n-2) bending angles, which will be identical for a given helix pitch. 
 
DNA is known to exist in nature in the double helical structure, usually as B-DNA. In this 
structure, each of the two single strands has a curvature and a torsion, giving rise to the 
idea that each strand DNA ought to have a spontaneous bending angle and torsional angle.  
That is, we assume that the double stranded B-DNA conformation is the unstressed, relaxed 
state.  Assuming that the spontaneous bending angle comes from the double stranded B-
DNA found in nature, we find a value for θ0 to be 30 degrees. (See appendix S2)   
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Figure 5.2 shows how bending angle bend (in blue) changes as a function of the helix pitch 
angle. Note that it is symmetric with respect to handedness (negative pitch corresponds to 
left-handed helices; positive to right-handed ones.) Figure 5.3 shows the corresponding 
bending energy as described by equation (5.2) as a function of the helix pitch.  Note that 
the spontaneous curvature makes the minimum in free energy at some bent state, but this 
is symmetric with respect to handedness.  That is, a right handed and a corresponding left 
handed helix have the same bending energy. 
 
Figure 5.2 Bending angle bend and torsional angle ang as a function of helical pitch angle 
 (all the angles are shown in degrees but used in radians in equations (5.2) and (5.4)) 
Spontaneous torsion angle  = 150 
Spontaneous bending angle  = 300 
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Figure 5.3 Bending and torsional energy as a function of pitch angle 
In blue: Bending Energy Ebending (kT) versus helix pitch angle (degrees) for θ0 = 30 degrees, 
In red: Torsional Energy Etorsion (kT) versus helix pitch angle (degrees) for φang = 15 degrees 
  
5.2.2.3. Torsional energy 
 
Similarly, we assign to the single-stranded DNA backbone a spontaneous torsion 
corresponding to its native double-stranded B-DNA structure. There have been various 
studies reporting different single stranded DNA sequences showing signals when subjected 
to circular dichroism, consistent with spontaneous torsion.135 The torsional angle ϕang is 
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formed by four consecutive backbone beads. So, for an ssDNA with ‘n’ bases, there will 
be (n-3) torsional angles, which will be identical for a given helix pitch. We assign a 
resistance to torsion that is quadratic in the torsional angle ϕang and also sensitive to the 
handedness as torsional angle varies with handedness, and allow the possibility of 
spontaneous torsion, i.e., that the ssDNA is naturally twisted. 
 
𝐸𝑡𝑜𝑟𝑠𝑖𝑜𝑛 =
1
2
𝑘𝑡 sin
2(𝜙𝑎𝑛𝑔 − 𝜙0)      (5.3) 
 
Even though the exact value of the spontaneous torsional angle ϕ0 may vary, depending on 
the exact DNA sequence, we simplified the model by assuming a single value for ϕ0 as 15 
degrees. (See appendix S2)   
 
We need to make a reasonable assumption for the value of kt in equation (5.3). From 
literature, we know that kt is roughly half of kb for double stranded DNA.
136 Now to get 
upper and lower estimates of kt, we can assume single stranded DNA to be various shapes. 
The bending rigidity kb is proportional to the area moment of inertia while the torsional 
rigidity kt is proportional to the moment of inertia about an axis.
137 If we assume the single 
stranded DNA to be a circular rod, then kt will be equal to 0.5 times kb (see appendix S3). 
If single stranded DNA is assumed to be a thin rectangular block, kt is about 60 times the 
value of kb (see appendix S3). Thus, we estimate the value of kt based on value of kb and 
the ratio kt/kb assumed. 
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Figure 5.2 shows how torsional angle ang (in red) changes as a function of the helix pitch. 
Figure 5.3 shows the torsional energy (in red) as described in equation (5.3) as a function 
of the helix pitch. Note that this torsional energy with spontaneous torsion introduces a 
chirality-dependence.  Right handed helices have a much lower torsional energy than their 
corresponding left handed mirror images.  
 
5.2.2.4. Hydrogen bonding between bases 
  
Previous molecular dynamics simulation studies have shown that non-Watson-Crick base 
pairing can be quite significant in DNA structures near nanotube and graphite surfaces. 21–
24,56 Hence, we assume that hydrogen bonding can occur between any two bases (including 
non-Watson-Crick pairs) if they are separated by at least two bases, i.e., the base n can 
have hydrogen bonding with all others on the same DNA strand except bases (n ± 1) and 
(n ± 2) bases.  
We represent the hydrogen bonding energy between the base beads by a 12-6 Lennard 
Jones potential, multiplied by a factor that is a Gaussian with argument(αHB − 𝜃𝐻𝐵)
2.  This 
allows us to capture the strong directionality of the hydrogen bonding interaction which 
decays rapidly if the angle αHB differs from θHB. 
 
  𝐸 = ∑ 4 ∈𝐻𝐵 [(
𝜎𝐻𝐵
𝑟𝑏𝑏
)
12
− (
𝜎𝐻𝐵
𝑟𝑏𝑏
)
6
] ∗ exp (−
(αHB−𝜃𝐻𝐵)
2
2 𝑠𝐻𝐵
2 )   (5.4) 
Where rbb = distance between the base beads 
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αHB is the angle formed by backbone bead, base and another base.  
HB is the cutoff angle for hydrogen bonding which is assumed to be 0 degrees. 
sHB is the deviation allowed for the angle which we assume to be 30 degrees. 
We fitted the Lennard Jones 12-6 potentials to the Potential of Mean Force (PMF), which 
is free energy as a function of distance between the two bodies, obtained from Molecular 
Dynamics simulations for various DNA bases on graphite previously56. Thus we can obtain 
the values for εHB and σHB.  
εHB for A-T = 3.70, εHB for A-A = 2.70, εHB for T-T = 1.37  (kT) 
σHB for A-T = 0.53 nm, σHB for A-A = 0.59 nm , σHB for T-T = 0.77 nm 
In case we have Gua and Cyt also in the DNA sequence, we will have to account for the 
remaining possible 7 hydrogen bonding base pairs also.   
 
5.2.2.5. Repulsion between base and backbone of adjacent strand: 
 
In order to preclude the possibility of a DNA base crossing over an adjacent strand to 
interact with a base on non-adjacent strand, we introduced an energy penalty: if the base 
gets closer than a distance equal to the distance between consecutive backbone beads (dpp) 
from a backbone bead on an adjacent strand, a hard wall energy potential is introduced. 
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Table 5.2 Parameters for energy calculations (force field) 
Parameters Values Source 
Adhesion energy 
between bases and 
graphite 
σadhe = 0.34 nm 
εadhe (Ade) = 0.636 kT 
εadhe (Thy) = 0.726 Kt 
Calibrated using 
experimental value 
for adhesion energy27 
Adhesion energy 
between bases and 
SWCNT 
σadhe = 0.34 nm 
εadhe (Ade) = 3.346 kT 
εadhe (Thy) = 2.039 Kt 
Calibrated using 
experimental value 
for adhesion energy28 
Bending energy kb = 4kT 
θ0 = 30 degrees 
Appendix S2 and s3 
Torsional energy kt = 0.5 to 60 times kb 
ϕ0 = 15 degrees 
Appendix S2 and S3 
Hydrogen bonding 
energy 
εHB  = 2.7 kT, (A-A) 
σHB = 0.59 nm (A-A) 
εHB  = 3.7 kT, (A-T) 
σHB = 0.53 nm (A-T) 
εHB  = 1.37 kT, (T-T) 
σHB = 0.77 nm (T-T) 
 
56 
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5.3. Results and discussion: 
 
As explained previously, when the helix is left handed, pitch angle ‘’ is negative and for 
right handed helix, it is positive. When ‘’ is ± /2, the helix simply becomes a circle and 
when it is zero, the helix is a straight line parallel to the helix axis (in this case the z-axis). 
 
Figure 5.4 shows a typical plot of energy per unit length as a function of helical pitch 
angle for the DNA wrap, for one strand of (AT)10 on (6,5) SWCNT. The plot shows two 
energy minima for one strand of DNA on the SWCNT surface, where one minimum AR 
corresponds to the right handed DNA helix (positive pitch angle) and the other AL 
corresponds to the left handed DNA helix (negative pitch angle). Whichever of the two 
minima is lower corresponds to the more stable handedness of the DNA helix for that 
particular case.  
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Figure 5.4: Minimum total average energy points corresponding to one DNA strand 
around nanotube, corresponding to left handed and right handed configurations. 
 
5.3.1. Recognition of handedness requires spontaneous torsion 
In order to explore systematically which contributions to the energy matter most 
for recognition of handedness, we calculated the total energy per unit length for a single 
strand of (AT)10 on various achiral and chiral SWCNTs while considering the different 
contributions to the energy as shown in Table 5.3. 
 
AL 
AR 
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Table 5.3 Handedness preference for one DNA strand on various SWCNTs 
CNT: Carbon nanotube chirality 
DNA: DNA sequence 
Adhesion: Adhesion between nanotube and DNA bases 
Actual energy values = reference value (*) + actual number in the table 
 
 CNT 
 
DNA Adhesion Hydrogen 
Bonding 
Bending Torsion Exclusion AL 
(kT/nm) 
AR  
(kT/nm) 
1 (10,0) (AT)10      -168.20 
± 0.01 
-168.22 
± 0.01 
2 (6,5) (AT)10      * 
± 0.006 
0.1 
± 0.015 
3 (5,6) (AT)10      0.09 
± 0.016 
0 
± 0.005 
4 (6,5) (AT)10      0.08 
± 0.006 
0.14 
± 0.014 
5 (5,6) (AT)10      0.14 
± 0.014 
0.08 
± 0.005 
6 (6,5) (AT)10      1.92 
± 0.006 
0.18 
± 0.015 
7 (5,6) (AT)10      2.01 
± 0.014 
0.11 
± 0.006 
  
 * -165.17 kT/nm is the reference value here 
 
 
115 
 
All the values except the first row are shown with respect to a fixed value indicated by an 
asterisk, as the adhesion energy is about two orders of magnitude larger than other energy 
contributions and we wish to focus on the relatively smaller differences in energies that 
account for recognition.  First we consider the DNA sequence (AT)10 wrapped on an achiral 
nanotube (10,0) in row 1 of Table 5.3.  (10,0) is an achiral SWCNT which is very close to 
(6,5) and (5,6) in diameter. We consider the energy contributions from adhesion, hydrogen 
bonding and exclusion energy. From the values AL and AR in row 1, we see that the total 
energy as a function of helix pitch is perfectly symmetric with respect to pitch angle; there 
is equal preference for both handedness, (Note that in case of (10,0) in Table 5.3, the energy 
value is absolute and not relative to the asterisk.)  
Next we considered (AT)10 wrapped on chiral nanotubes enantiomers (6,5) and (5,6).  We 
take into account the energy contributions from adhesion, hydrogen bonding and exclusion 
energy. As seen in row 2, column AL and AR, the DNA is slightly more stable as a left 
handed helix (AL) on (6,5) compared to the right handed helix (AR) on (6,5). The situation 
is reversed in case of (5,6) , as seen in row 3, where the right handed is slightly more stable. 
We can also see that a left-handed helix on (6,5) is exactly as stable as a right-handed helix 
on (5,6) and vice versa. It means that there is no basis for separation of (6,5) and (5,6) if 
we only consider the energy contributions from adhesion, hydrogen bonding and exclusion 
energy. This is because the lack of symmetry comes only from registration of base onto the 
SWCNT carbon atoms that have a chiral arrangement 
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We introduced another energy contribution apart from the ones mentioned in the previous 
case which is bending energy with a spontaneous bending angle of 30 degrees. As seen in 
row 4, the left handed helix on (6,5) is still slightly more stable as compared to the right 
handed helix. The reverse is still true for (5,6) and the opposite handed helices on the two 
SWCNT enantiomers still are nearly equally stable. This shows that bending energy cannot 
explain the possibility of separation of two SWCNT enantiomers wrapped by the same 
DNA sequence. Figure 5.3 shows that bending energy is actually symmetric around zero 
pitch. Therefore, if one starts with a mixture of enantiomers, there is again no basis for 
separation of chiral nanotube enantiomers. 
 
In rows 7 and 8, we also considered the contribution of torsional energy with a spontaneous 
torsional angle of 15 degrees, in addition to the other four energy contributions. We used a 
ratio of constants for torsional and bending energies (kt/kb) as 1. Now we see that the right 
handed helix (AR) is more preferable for both the SWCNT enantiomers (6,5) and (5,6). 
However, the right handed helix is very marginally more stable on (5,6) as compared to 
(6,5). This energy difference is actually not so small considering that it is in the units kT/ 
nm and the average length of SWCNTs used in separation experiments vary between 200 
to 700 nm. It is sufficient for separation to be possible in very sensitive separation 
techniques such as the aqueous two phase system.  The crucial contributor that allows for 
difference in energy minimum is torsional energy, specifically, when one invokes a 
spontaneous torsion angle.  
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5.3.2. Recognition of handedness depends on DNA sequence, geometry and 
SWCNT chirality 
 
 The model used here to predict the total energy and hence the stability of the DNA-
SWCNT hybrid relies on various parameters which are not very accurately known. This 
includes exact adhesion energy between the various DNA bases and SWCNT carbon 
atoms, the values for torsional rigidity kt and distance between the backbone and base bead. 
The total energy of the system also depends on the DNA sequence composition and the 
SWCNT chirality and enantiomer.  
In table 5.4, we consider a DNA strand wrapped around the SWCNT for eight 
different cases. From the previous section, we know that torsional energy is critical in 
enabling separation of DNA wrapped SWCNT enantiomers. We explore the effects of 
altering the value of torsional rigidity kt as mentioned in equation 5.3. As explained in the 
appendix 5.6.3, kt can be estimated to be anywhere between 1 to 60 times the value of the 
bending rigidity kb. We look at one strand of (AT)10 wrapped around (6,5) for three cases 
where kt is 1, 10 and 20 times the values of kb (see row 1,2 and 4 of table 5.4). For a low 
value of kt, energy difference between the left handed and the right handed configurations 
is ~ 1.76 kT/nm, with the right handed one being preferred. On increasing kt to 10 times 
kb, this preference for the right handed configuration goes up to 18.03 kT/nm.  
In all the data presented previously, we used the values of distance from backbone 
to base beads from a three bead model by Knotts et al.118 Since we have a two bead model 
here, the distance is somewhat underestimated. In order to understand the effect of base-
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backbone distance, we increase these values from 0.68 to 0.8 nm in case of Ade and 0.49 
to 0.6 nm in case of Thy (see row 3 of table 5.4). In this case, the right handed configuration 
of (AT)10  around the (6,5) SWCNT is the still more preferred one when the kt is 10 times 
kb. On further increasing kt to 20 times kb (which is still well within the range of values of 
kt possible), we see in row 4 that the preference for the right configuration over the left has 
gone up to 35.19 kT/nm. This shows that the degree of preference for one handedness over 
the other depends on what value of torsional constant kt is used as well as the geometrical 
values used.  
 
  In rows 4 and 5, the same set of parameters were used for multiple strands of (AT)10 on 
(6,5) and (5,6) enantiomers. Both showed preference for the right handed helix. But there 
is an energy difference of 0.02 kT/nm between the right handed configuration on (6,5) and 
(5,6). This energy difference is actually not so small considering that it is in the units kT/ 
nm and the average length of SWCNTs used in separation experiments vary between 200 
to 700 nm. This shows the basis of separability of the two enantiomers wrapped with the 
same DNA sequence. For this energy difference, the enantiomers can only be separated 
using a technique sensitive to small energy differences such as aqueous two phase system.30  
For the same set of parameters, we changed the DNA sequence from (AT)10 on 
(6,5) to A20 on (6,5) and (5,6) (see row 5 and 6). In case of A20, which is also a 20mer like 
(AT)10, the most preferred configuration is still the right handed single helix just as in case 
of  of (AT)10, but the energy difference between the left and right handed configurations 
changes marginally. Thus, for a given set of parameters, the preference for a particular 
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configuration depends on the exact DNA sequence. It is also seen that the right handed 
configurations of A20 on the two SWCNT enantiomers (6,5) and (5,6) have the same 
energy, suggesting that it is not necessarily possible to separate the SWCNT enantiomers 
using any DNA sequence. This is supported by previous work done by Geyou et al.30 where 
different DNA sequences are used to separate different SWCNT chiralities and 
enantiomers.  
 
For the data shown in  table 5.3 and table 5.4 rows 1 to 7, we have used adhesion energy 
data from the peeling energy data of single stranded DNA from carbon nanotube surfaces 
by Iliafar et al.28 which is considerably higher than on graphite substrate27. If we use the 
adhesion energy data from graphite instead, the adhesion energy becomes lower but the 
same preference for the right handed configuration is still exhibited (see row 8 of table 
5.4). Thus our results are quite robust and do not depend on whether graphite or SWCNT 
substrate is used to calibrate the adhesion energy parameters.   
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Table 5.4 Energy differences for different DNA-CNT combinations and varying 
parameters 
[Actual energy value  = reference value (*) + actual number in the table ] 
 
 CNT 
 
DNA kt/kb Substrate 
used  
for adhesion  
calibration 
Base - 
Backbone 
Distance 
(Ade/Thy) 
AL 
(kT/nm) 
AR 
(kT/nm) 
1 (6,5) (AT)10 1 CNT 0.64 / 0.49 
nm 
* 
(-163.18) 
± 0.010 
-1.76  
± 0.027 
2 (6,5) (AT)10 10 CNT 0.64 / 0.49 
nm 
* 
(-146.60) 
± 0.010 
-18.03  
± 0.027 
3 (6,5) (AT)10 10 CNT 0.8 / 0.6 
nm 
* 
(-126.23) 
± 0.008 
-17.59 
± 0.019 
4 (6,5) (AT)10 20 CNT 0.8 / 0.6 
nm 
* 
(-108.53) 
± 0.004 
-35.19   ± 
0.009 
5 (5,6) (AT)10 20 CNT 0.8 / 0.6 
nm 
* 
(-108.52) 
± 0.009 
-35.21   ± 
0.004 
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6 (6,5) (A)20 20 CNT 0.8 nm * 
(-141.54) 
± 0.007 
-35.07   ± 
0.019 
7 (5,6) (A)20 20 CNT 0.8 nm * 
(-141.54) 
± 0.019 
-35.07   ± 
0.007 
8 (6,5) (AT)10 1 Graphite 0.64/0.49 
nm 
* 
(-39.66)   
± 0.002 
-1.78      ± 
0.007 
 
 
5.4. Conclusion 
 
From previous surfactant experiments25, we know that certain recognition DNA 
sequences have different activation energy of binding to their partner chiralities.25,26 The 
same recognition sequences are also useful for separation of nanotube chiralities using the 
aqueous two phase technique30, hinting that the hydrophobicity of these pairs are different 
which in turn indicates some difference in the coverage of the hydrophobic nanotube 
surface by the DNA strand. All this points to a conclusion that there is a difference in the 
structure of DNA on different SWCNT chiralities and enantiomers. This difference is only 
enough to cause a small difference in the energies of the system. But this small energy 
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difference is sufficient to permit separation of SWCNT enantiomers using DNA-assisted 
aqueous two phase separation which is very sensitive to very small energy differences. 
We also see that torsional energy is the only energy contribution which causes a difference 
in the stability of the opposite handed DNA helices on the nanotube enantiomers which 
enable the separation of SWCNT enantiomers using DNA assisted techniques.  
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bend 
5.5. Appendix 
 
5.5.1. Estimating value of bending rigidity kb for calculating bending energy  
 
 
 
 
 
 
 
Consider a bent rod of length L. When bent, the radius of curvature is R, and angle is θbend. 
Let kf be the flexural rigidity and kb the bending rigidity, defined by  
 𝐸𝑏𝑒𝑛𝑑 =
1
2
∗
𝑘𝑓
𝐿
𝜃2 =
1
2
∗ 𝑘𝑏𝜃
2 
Hence, 𝑘𝑏 = 𝑘𝑓/𝐿 
By definition, when L = persistence length lp, is 
𝑙𝑝 =
𝑘𝑓
𝑘𝐵𝑇
=
𝑘𝑏 𝐿
𝑘𝐵𝑇
 
Hence, 𝑘𝑏 =
𝑙𝑝
𝐿
∗ 𝑘𝐵𝑇 
We assumed that persistence length lp is about 5 bases. Hence lp = 4 *dpp. 
L is length of bending angle ~ dpp.  
Hence, kb ~ lp/L kT = 4 dpp / dpp = 4 kT 
L 
R 
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5.5.2. Estimate spontaneous bending angle and spontaneous torsional angle 
 
Assuming that the spontaneous bending and torsion angles correspond to the double 
stranded B-DNA structure, we calculate a value for θ0 as follows. 
 
As seen in figure 5.1, ‘a’ is the helix diameter and 2c is the pitch of the helix. 
Now in B-DNA, pitch 2c is 3.4 nm so c = pitch/(2π) = 0.54 nm 20 
‘s’ is helical path. 
Curvature  of the helix is defined as follows: 
𝜅 =
𝑎
𝑎2+𝑐2
=
0.9989
0.99892+ 0.542
= 0.7747  𝑛𝑚−1   (5.5) 
𝜃0 =  𝜅 𝛥𝑠 = 0.7747 𝑛𝑚
−1 ∗ 𝑑𝑝𝑝 =  0.7747 𝑛𝑚
−1 ∗ 0.65 𝑛𝑚
=  0.503555 𝑟𝑎𝑑𝑖𝑎𝑛𝑠 ~ 30 𝑑𝑒𝑔𝑟𝑒𝑒𝑠 
Hence we use θ0 = 30 degrees (note that θ0 is in radians in the equation 5.2) 
Just like θ0, we decided to estimate 0 based on double stranded B-DNA. 
Torsion  of the helix is defined as follows: 
 
𝜏 =
𝑐
𝑎2+𝑐2
=
0.54
0.99892+ 0.542
= 0.4188  𝑛𝑚−1       (5.6) 
 
𝜙0 =  𝜏𝛥𝑠 = 0.4188 𝑛𝑚
−1 ∗ 𝑑𝑝𝑝 =  0.4188 𝑛𝑚
−1 ∗ 0.65 𝑛𝑚 =
 0.27222 𝑟𝑎𝑑𝑖𝑎𝑛𝑠 ~15 𝑑𝑒𝑔𝑟𝑒𝑒𝑠    
Hence we use 0 = 15 degrees. (Note that 0 is in radians in the equation 5.3) 
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5.5.3. Estimate value of torsional rigidity kt for calculating torsional energy 
 
The bending rigidity kb is proportional to the area moment of inertia IAA while the torsional 
rigidity kt is proportional to the moment of inertia about an axis IBB. 
We can get the upper and lower bounds for the value of kt by making a number of 
assumptions. 
 
a) Round cylinder 
 
 
 
 
Assuming that the single stranded DNA is a round cylinder with radius r.  
𝐼𝐴𝐴 =  ∫ 𝑦
2𝑑𝐴 =
1
2
∫(𝑥2 + 𝑦2)𝑑𝐴 =
1
2
∫ 𝑟2𝑑𝐴 =
1
2
∫ 𝑟
2
. 2𝜋𝑟 𝑑𝑟 =
1
2
∫ 2𝜋 𝑟3𝑑𝑟 =
𝜋𝑟4
4
     
𝐼𝐵𝐵 =  ∫ 𝑦
2𝑑𝐴 = ∫ 𝑟2. 2𝜋𝑟 𝑑𝑟 = ∫ 2𝜋𝑟3 𝑑𝑟 =
𝜋𝑟4
2
  
Hence kt / kb = IBB / IAA = 2 
  
B B 
A A  
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b) Thin rectagular block (ribbon) 
  
 
 
 
 
 
 
 
Assuming that the single stranded DNA is a thin rectangular block with breadth b, 
thickness t 
𝐼𝐴𝐴 =  ∫ 𝑦
2𝑏 𝑑𝑦 =
2𝑏
3
∗
 𝑡3
8
=
𝑏𝑡3
12
𝑡
2
−
𝑡
2
 
𝐼𝐵𝐵 =  ∫ 𝑥
2𝑡 𝑑𝑥 =
𝑏3𝑡
12
𝑏
2
−
𝑏
2
 
𝐼𝐵𝐵
𝐼𝐴𝐴
= (
𝑏
𝑡
)
2
 
In our model, for (6,5) and (5,6) SWCNT, as per Table 5.1, distance between backbone 
and surface of nanotube = 0.592 nm and distance between base and surface of nanotube = 
0.365 nm 
dpb-Ade = 0.64 nm and dpb-Thy = 0.49 nm 
B 
B 
A A 
x 
y 
t 
b 
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For maximum hydrogen bonding energy, σHB for A-T = 0.53 nm, σHB for A-A = 0.59 nm , 
σHB for T-T = 0.77 nm 
 
                           
 
 
 
Assuming distance between two bases ~ σHB 
𝑏 = 2 ∗ √𝑑𝑝𝑏
2 − (𝑑𝑐𝑝 − 𝑑𝑐𝑏)
2
+ 𝜎𝐻𝐵 = 2 ∗ 0.6 + 0.59 (𝑓𝑜𝑟 (𝐴𝑑𝑒)𝑛) = 1.78 𝑛𝑚 
𝑡 = (𝑑𝑐𝑝 − 𝑑𝑐𝑏) = 0.227 𝑛𝑚  
𝑘𝑡
𝑘𝑏
=
𝐼𝐵𝐵
𝐼𝐴𝐴
= (
1.78
0.227
)
2
= 61 
 So we can define kt as 0.5 to 60 times the value of kb. Thus, we estimate the value of kt 
based on value of kb and the ratio kt / kb assumed. 
 
  
CNT surface 
Base bead 
Backbone bead 
dcb 
dcp 
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Chapter 6 Molecular dynamics simulations of closely related 
DNA sequences on nanotube enantiomers  
 
6.1. Introduction  
 
Single stranded DNA wrapped on single walled carbon nanotubes (SWCNTs) have 
been studied for various applications ranging from sorting of SWCNTs according to 
chirality36 to molecular sensing40,138 to cell imaging42 and drug delivery. 17,38 A number of 
molecular dynamics studies have been conducted on the DNA-SWCNT hybrid previously 
in order to study the structure of DNA near SWCNTs.21–24,33,34,132  As most of the DNA 
sequences used in these DNA-CNT hybrids are relatively short (from 6mers to 100mers), 
the system size is quite small and can be simulated using all atom models effectively. The 
number of types of interactions present in such systems are also sufficiently limited for the 
available force fields to describe these interactions. Roxbury et al. have reported a number 
of motifs formed by the DNA when wrapped around the nanotube surface , such as self-
stitched structures22, -barrels23, clasp structures24 etc.  
Certain special DNA sequences called ‘recognition sequences’ have been 
empirically found to selectively bind to certain SWCNT chiralities and enable their 
separation.36 A number of studies of SWCNT-DNA hybrids have shown that many of their 
properties are highly sequence and chirality specific. For example, the recognition DNA 
sequence (TAT)4 has been known to bind far more strongly to its partner SWCNT chirality 
(6,5) far more strongly as compared to very closely related sequences such as (TAT)3TA 
and (TAT)4T.
26   It is also known that (TAT)4 has higher affinity for its partner SWCNT 
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chirality (6,5)  than for another SWCNT of exactly the same diameter i.e. (9,1).25 More 
recently, recognition sequences have been used to separate the two enantiomers of (6,5) 
using aqueous two phase system.  It is hypothesized that the differences in the properties 
of these DNA-SWCNT hybrids arise due to differences in the structure of the DNA on the 
SWCNT which may be both sequence and chirality specific. In order to develop a structural 
basis for experimental findings, we employed molecular dynamics to investigate a few of 
the ssDNA/CNT combinations. 
 
6.2. Models and simulation methods 
 
All atom Replica Exchange Molecular Dynamics (REMD)89 simulations were performed 
to study the various structures that can be formed by single or multiple strands of single 
stranded DNA when placed close to a single walled carbon nanotube (SWCNT) surface. 
We studied closely related DNA strands from the (TAT) family as well as a palindromic 
sequence TTA(TAT)2ATT on (6,5) chirality SWCNT, its enantiomer (5,6) and another 
SWCNT of exactly the same size (9,1).  The length of the (6,5) and (5,6) SWCNT were 
7.97 nm  and that of (9,1) was 8.161 nm. The diameter of all three SWCNTs was 0.746 
nm. The end carbon atoms were covalently bonded to adjacent image carbons to mimic an 
infinitely long SWCNT. The nanotube co-ordinates were obtained using VMD Nanotube 
builder.100   
The REMD simulations were performed using GROMACS 4.5.3 simulation 
package90,91,139 with the CHARMM27140 force field. The DNA-CNT hybrids were solvated 
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in a water box  of size 7.97 nm x 3.46 nm x 3.46 nm in case of (6,5) and (5,6) and 8.161 
nm x 3.46 nm x 3.46 nm in case of (9,1) with ~2,500 TIP3P model water molecules and 
the appropriate number of sodium counter ions to balance the negative phosphate charges. 
Total system size is about 10,000 atoms. Periodic boundary conditions were applied in all 
directions with long range electrostatics calculated using the particle mesh Ewald (PME) 
method. All structures were subjected to 100 ps heating (NVT) to attain a 300 K starting 
temperature. Forty replicas of each configuration were created for REMD NVT simulation, 
having temperatures ranging from 296 to 587 K. Replica temperatures were chosen such 
that exchange acceptance ratios remained around 10%, with an exchange time of 2 ps. Each 
of the one strand cases was run for 200 ns, for a total computation time of 40 × 200 = 8 μs. 
The first 50 ns were discarded as equilibration time. Each of the three strand cases were 
run for 400 ns, for a total computation time of 40 × 400 =16μs.The first 100 ns were 
discarded as equilibration time. The time step of the simulation was 2 fs. The trajectories 
were saved at every 10 ps, yielding a total of 15 000 snapshots and 30 000 snapshots for 
one strand and three strand cases of the DNA on SWCNTs, respectively, for production 
analysis. 
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6.3. Results and Discussion 
 
6.3.1. (TAT)4 on (6,5) and (9,1) SWCNTs 
 
a) Structure based clustering  
We compared the structures formed by (TAT)4 on (6,5) and (9,1) SWCNTs. The 
simulated equilibrium trajectories are clustered based upon the backbone atom positions of 
all available DNA residues, allowing one to extract the dominant structure for each stable 
configuration. Different cutoff sizes ranging from 0.1 to 1 nm for the one strand case and 
0.1 to 2.5 nm for the three strand case are used for clustering the structures with respect to 
the backbone. In Figure 6.1 (a) and 1 (b) for three strands, the percentage of the structures 
in the majority cluster for the same cutoff for the two different SWCNT species are shown.   
 
We first look at one strand of (TAT)4 adsorbed onto the surface of the (6,5) and 
(9,1) SWCNTs. From Figure 6.2, we see that there is no significant difference in the typical 
structures of one strand of (TAT)4 adsorbed onto the surface of the (6,5) and (9,1) 
SWCNTs. 
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Figure 6.1 Structure based clustering for various cut off distances for (TAT)4 on (6,5) 
and (9,1) SWCNTs 
 (a) Percentage of structures in first five majority clusters for (TAT)4 on (6,5) chirality for 
various cut off distances with respect to the DNA backbone 
(b) Percentage of structures in first five majority clusters for (TAT)4 on (9,1) chirality for 
various cut off distances with respect to the DNA backbone 
(a) 
(b) 
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Figure 6.2 Typical structures of one strand of (TAT)4 on (6,5) and (9,1) SWCNTs 
Typical structures of one strand of (TAT)4 on (6,5) and (9,1) SWCNTs in first two majority 
clusters based on the DNA backbone, using rmsd cutoff distance 0.25 nm 
 
b) Hydrogen Bonding 
It is known that hydrogen bonding between the DNA bases is a very important 
factor in the stabilization of DNA structures on the SWCNT surface.22,24 Hence, we 
calculated the average number of hydrogen bonds formed during the simulation runs. The 
total number of hydrogen bonds are normalized by dividing by the number of bases in each 
strand, i.e., 12 in case of one strand and 36 in case of three strands each of (TAT)4. The 
error bars are calculated by dividing the analyzed trajectory into ten equal parts, for each 
one of which we calculate the quantity of interest, using which we obtain the mean and 
standard deviation.  
As shown in Figure 6.3 (a), we see that there is no significant difference in number 
of hydrogen bonds for one strand case of (TAT)4 on (6,5) and on (9,1). But there seems to 
be a slightly higher number of hydrogen bonds present in case of (TAT)4 on (9,1) than on 
(6,5) SWCNT. We further classified the total number of hydrogen bonds depending on the 
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types of bases involved in the hydrogen bonding. Since there are only two types of DNA 
bases, adenine and thymine present in the DNA sequence (TAT)4, there are only three 
possible combinations i.e. adenine-adenine, adenine-thymine, and thymine-thymine. The 
numbers of hydrogen bonds between various types of bases are divided by the total number 
of hydrogen bonds present at that time instant to normalize them. We can compare these 
ratios with the probability of formation of hydrogen bonds if the bases were picked 
independently. For example, in case of (TAT)4, combinations would appear with 
probability 64/144, 64/144 and16/144 for TT, AT, and AA respectively. We see that from 
Figure 6.3 (b) and (c) that there is significant deviation from these calculated probabilities. 
The majority of the hydrogen bonds stabilizing the DNA structure are between the Watson-
Crick pair adenine and thymine. But there are also a significant number of non-Watson 
Crick pair hydrogen bonds between adenine and adenine, and thymine and thymine. But it 
is known from our experimental data in this paper that (TAT)4 binds far more strongly to 
(6,5) than to (9,1). Hence it is possible that this difference in strength is due to difference 
in the DNA structure which would be visible as difference in number of hydrogen bonds 
and difference in the relative number of hydrogen bonds between various types of DNA 
bases. 
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Figure 6.3 Normalized average number of hydrogen bonds formed for (TAT)4 on (6,5 ) 
and (9,1) 
Normalized average number of hydrogen bonds formed (a) in total, (b) between various 
kinds of bases for one DNA strand on SWCNT and, (c) between various kinds of bases for 
three DNA strands on SWCNT 
 
c) Solvent accessible surface area of the SWCNT 
According to Roxbury et al.26 the replacement of the DNA on the SWCNT surface by the 
SDBS requires creation of a defect on the DNA covered SWCNT surface. Hence the 
coverage of the SWCNT surface by the DNA is an important parameter in explaining the 
binding strength of DNA onto the SWCNT surface.  
For the two cases i.e. three strands of (TAT)4 on (6,5) and (TAT)4 on (9,1), the amount of 
SWCNT surface area excluded from water by the DNA is calculated (by placing a sphere 
the size of a water molecule near the surface of the SWCNT). 
In Figure 6.4, it is seen that there is a difference in the solvent accessible surface area for 
both cases. Here the error bars are again calculated by dividing the analyzed trajectory into 
ten equal parts and calculating the standard deviation. For the one strand cases, the solvent 
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accessible surface area obviously is higher than that for the three strands as one DNA strand 
has lesser coverage on the SWCNT surface than three strands. The difference in the solvent 
accessible surface area on the two SWCNTs means that the DNA structures are not equally 
well-packed on both SWCNT species, again suggesting that there is a difference in the 
DNA structures on the two SWCNT surfaces.  
 
 
 
Figure 6.4 Average solvent accessible surface area for the SWCNT surface for (TAT)4 
wrapped (6,5) and (9,1) SWCNT species 
 
6.3.2. (TAT) family on the (6,5) SWCNT 
 
Similarly, we suppose that the difference in binding strength for different lengths 
of DNA sequences is because of difference in the DNA structures formed. In order to probe 
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the validity of this statement, we compare the structures predicted by molecular simulation 
formed by 5 different lengths ranging from 10 to 14mer DNA sequences belonging to the 
(TAT) family on the same SWCNT type i.e. (6,5). 
 
a) Structure based clustering  
We compared the structures formed by one strand placed on the (6,5) SWCNTs. 
The simulated equilibrium trajectories are clustered based upon the backbone atom 
positions of all available DNA residues, allowing one to extract the dominant structure for 
each stable configuration. A cutoff size of 0.25 nm was used for clustering the structures 
with respect to the backbone. In Figure 6.5, the percentage of the structures in the majority 
cluster for the same cutoff for the different closely related DNA sequences on the same 
SWCNT (6,5) are shown.  The recognition sequence for (6,5) which is (TAT)4 shows a 
much larger percentage of structures in the majority cluster, indicating that the (TAT)4 on 
(6,5) is more ordered than the other DNA sequences. 
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Figure 6.5 Percentage of structures in the majority clusters for different closely related 
DNA sequences on (6,5) chirality for 0.25 nm rmsd cut off distance with respect to the 
DNA backbone 
 
We calculated the average number of hydrogen bonds formed during the simulation 
runs. The total number of hydrogen bonds are normalized by dividing by the number of 
bases in each strand i.e. 30, 33, 36, 39 and 42 in case of three strands each of (TAT)3T, 
(TAT)3TA , (TAT)4 , (TAT)4T and (TAT)4TA respectively. The error bars are calculated 
by dividing the analyzed trajectory into ten equal parts, for each one of which we calculate 
the quantity of interest, using which we obtain the mean and standard deviation.  
 
As shown in Figure 6.6 (a), we see that there is very slight difference in number of 
hydrogen bonds for three strand cases of (TAT)3T, (TAT)3TA , (TAT)4 , (TAT)4T and 
(TAT)4TA on (6,5) SWCNT. As done previously, we also further classified the total 
number of hydrogen bonds depending on the types of bases involved in the hydrogen 
bonding. The numbers of hydrogen bonds between various types of bases are divided by 
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the total number of hydrogen bonds present at that time instant to normalize them. We can 
compare these ratios with the probability of formation of hydrogen bonds if the bases were 
picked independently. For example, in case of (TAT)3T, combinations would appear with 
probability 49/100, 42/100 and 9/100 for TT, AT, and AA respectively.  
 
We see that from Figure 6.6 (b) that there is significant deviation from these calculated 
probabilities in some cases. The majority of the hydrogen bonds stabilizing the DNA 
structure are between the Watson-Crick pair adenine and thymine. But there are also a 
significant number of non-Watson Crick pair hydrogen bonds between adenine and 
adenine, and thymine and thymine. Hence it is possible that the difference in strength is 
due to difference in the DNA structure which would be visible as difference in the relative 
number of hydrogen bonds between various types of DNA bases. 
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b) Hydrogen Bonding 
  
 
 
Figure 6.6 Normalized average number of hydrogen bonds formed  
(a) in total, and (b) between various kinds of bases for three DNA strands on SWCNT 
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c) Self-stitching 
Hydrogen bond self-stitching has been thought to be a significant factor in stabilizing single 
strands of DNA on the nanotube surface.22  A ‘stitch’ is said to be present between two 
bases if distance between base centroids is less than 9 Angstroms and the bases are more 
than 7 bases away from each other. Table 6.1. shows the percentage of the simulation time 
in which the stitches are present and also the number of stitches present. It is seen that in 
case of the recognition sequence (TAT)4, at least one stitch is present for the highest 
percentage of the simulation time as compared to very closely related sequences on the 
same SWCNT. This hints that the structures formed by the recognition sequence are 
stabilized by significantly more ‘self-stitch’ hydrogen bonds than their closely relates 
sequences. 
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Table 6.1 Percentage of the simulation time in which one or more stitches are present 
  
Sequence CNT 
Percentage of  time with: 
1 stitch 2 stitches 3 stitches 4 stitches 
At least 1 
stitch 
(TAT)3T (6,5) 5.79 % 0 % 0 % 0 % 5.79 % 
(TAT)3TA (6,5) 11.18 % 4.79 % 2.79 % 0 % 18.76% 
(TAT)4 (6,5) 39.32 % 16.17 % 2.20 % 0 % 57.68 % 
(TAT)4T (6,5) 19.16 % 9.18 % 3.99 % 0 %  32.34 % 
(TAT)4TA (6,5) 11.58 % 8.78 % 6.58 % 0.6 % 
27.74 
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d) Helicity 
To quantify the DNA helical handedness, phosphorus atom positions were identified and 
monitored. For example, (TAT)4 has 11 P atoms i.e. 10 adjacent P pairs. Local helical 
angles determined for each P pair (10 local helical angles per structure).  
While traversing the SWCNT axis (with increasing axial coordinate), phosphorus pairs 
determined to be locally right-handed were assigned a “1”, else assigned a “0” for a 
locally left-handed helix. Because of intrinsic DNA-backbone flexibility, a DNA strand 
with a visibly right-handed overall helical conformation may have a few local left-handed 
helical angles 
If 8 out of 10 local helical angles were assigned “1”, the structure was classified as right-
handed and vice versa for left-handed. Furthermore, if a structure contained 5 consecutive 
local helical angles with the designation “1”, without previous right-handed 
classification, it was also delineated as such. The same applies for left-handed if there 
were 5 in a row with designation “0”. Structures not designated either right- or left-
handed were termed “unclear” and generally formed a loop structure. 
 
Table 6.2 shows that a single strand of recognition sequence (TAT)4 on (6,5) shows a 
right-handed structure for majority of the time as compared to the closely related 
sequences which are left-handed for a majority of the simulation time.  
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Table 6.2 DNA handedness as percentage of simulation time for one DNA strand on 
SWCNT 
 
DNA sequence SWCNT Left-handed Right-handed Unclear 
(TAT)3T (6,5) 85.4 % 0 % 14.6 % 
(TAT)3TA (6,5) 79.5 % 0 % 20.5 % 
(TAT)4 (6,5) 0 % 96.1 % 3.9 % 
(TAT)4T (6,5) 79.5 % 0 % 31.7 % 
(TAT)4TA (6,5) 63.6 % 0 % 35.8 % 
 
 
6.3.3. (TAT)4 on (6,5) and (5,6) SWCNTs 
 
a) Structure based clustering  
 
We compared the structures formed by one strand of (TAT)4 placed on the (6,5) 
and (5,6) SWCNTs. The simulated equilibrium trajectories are clustered based upon the 
backbone atom positions of all available DNA residues, allowing one to extract the 
dominant structure for each stable configuration. A cutoff size of 0.25 nm was used for 
clustering the structures with respect to the backbone. Figure 6.8 shows that the recognition 
sequence for (6,5) which is (TAT)4 shows a much larger percentage of structures in the 
majority cluster, indicating that the (TAT)4 on (6,5) is more ordered than on its enantiomer 
(5,6) SWCNT. 
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(a) 
 
 
(b) 
Figure 6.7 One strand of (TAT)4 on (6,5) and (5,6) SWCNT 
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Figure 6.8 Percentage of structures in the majority clusters for different closely related 
DNA sequences on (6,5) chirality  
(for 0.25 nm rmsd cut off distance with respect to the DNA backbone) 
 
 
b) Helicity 
Table 6.3 shows that a single strand of recognition sequence (TAT)4 on (6,5) shows a 
right-handed structure for majority of the time as compared to (TAT)4 on its enantiomer 
SWCNT (5,6) which are left-handed for a majority of the simulation time. This indicates 
clear structural difference for the same DNA sequence on enantiomer SWCNTs 
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Table 6.3 DNA handedness as percentage of simulation time for one DNA strand on 
SWCNT 
 
  (TAT)4 on (6,5)  (TAT)4 on (5,6) 
Left handed 0 % 68.6 % 
Right handed 96.1 % 0 % 
Unclear 3.9 % 31.4 % 
 
 
c) Self-stitching 
Table 6.4. shows the percentage of the simulation time in which the stitches are present 
and also the number of stitches present. It is seen that in case of the recognition sequence 
(TAT)4, on (6,5) SWCNT at least one stitch is present for a higher percentage of the 
simulation time as compared to (TAT)4, on (5,6) SWCNT. This hints that the structures 
formed by the recognition sequence on one enantiomer are stabilized by significantly more 
‘self-stitch’ hydrogen bonds than on the other SWCNT enantiomer.  
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Table 6.4 Percentage of the simulation time in which one or more stitches are present 
 
 
6.3.4. TTA(TAT)2ATT  on (6,5) and (5,6) SWCNTs 
 
The palindromic sequence TTA(TAT)2ATT  is known to have the ability to bind to both 
(6,5) and (5,6) and separate in an aqueous two phase system. We hypothesize that this 
difference is due to difference in the hydration energy of the two hybrids which in turn is 
related to difference in the structure of this DNA strand on the two SWCNT enantiomers. 
Figure 6.9 and table 6.5 both indicate that there is very little difference observed for the 
palindromic sequence TTA(TAT)2ATT on the two SWCNT enantiomer sequences (6,5) 
and (5,6). It is possible that the force field used for these simulation cannot model small 
differences.  
  
Sequence CNT 
Percentage of  time with: 
1 stitch 2 stitches 3 stitches 4 stitches 
At least 1 
stitch 
(TAT)4 (6,5) 39.32 % 16.17 % 2.20 % 0 % 57.68 % 
(TAT)4 (5,6) 12.37 % 0 % 0 % 0 % 12.37% 
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a) Structure based clustering  
 
 
Figure 6.9 Percentage of structures in the majority clusters for different closely related 
DNA sequences on (6,5) chirality (for 0.25 nm rmsd cut off distance with respect to the 
DNA backbone) 
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b) Helicity 
Table 6.5 DNA handedness as percentage of simulation time for one DNA strand of 
palindromic sequence on SWCNT 
 One strand of TTA(TAT)2ATT 
on (6,5) 
One strand of TTA(TAT)2ATT  
on (5,6) 
Left handed 68.26 % 71.46 % 
Right 
handed 
0 % 1.00 % 
Unclear 31.74 % 27.54 % 
 
6.4.  Conclusion 
The simulations showed significant differences between the structures of the recognition 
sequence (TAT)4 on its partner chirality (6,5) and closely related sequences. However, on 
conducting a repeat simulation of the same hybrid, we found that the handedness had 
reversed from right-handed to left-handed like the remaining closely related sequences. It 
is possible that the simulation has not converged sufficiently and depends on the initial 
structure. Further investigation is required before any conclusions are drawn from these 
simulations. 
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Chapter 7 Summary and future work 
 
7.1. Sequence and chirality dependence of binding 
 
We reported the activation energies for removal of several ssDNA sequences from a few 
SWCNT species by a surfactant molecule. We found that DNA sequences systematically 
have higher activation energy on their carbon-nanotube recognition partner than on non-
partner species.  For example, the DNA sequence (TAT)4 has much lower activation energy 
on the (9,1) SWCNT than on its partner (6,5) SWCNT whereas the DNA sequence (CCA)10 
binds strongly to its partner (9,1) SWCNT compared to (6,5).  The (6,5) and (9,1) SWCNTs 
have the same diameter but different electronic properties, suggesting that activation 
energy difference is related to electronic properties. But it must be noted that recent 
experiments by Geyou et al.  have shown that SWCNT enantiomers wrapped with the same 
DNA sequence can be separated, hinting that certain DNA sequences  do have the ability 
to differentiate between the handedness of the SWCNT. The activation energies of 
increasing lengths of closely related sequences from the 11mer (TAT)3TA to the 21mer 
(TAT)7 on three different SWCNT species (9,1), (6,5), and (8,3) were measured. For the 
shorter sequences, the activation energy on the SWCNT varies periodically with sequence. 
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7.2. Relative hydration of DNA- single walled carbon nanotube hybrids 
using aqueous two phase system 
 
Since the difference in binding affinity and difference in partitioning can depend on DNA 
structure on the single walled carbon nanotube (SWCNT), we studied the partitioning of 
the various DNA sequences in an aqueous two phase system. DNA-SWCNT partitioning 
in the aqueous two phase is because of sensitive dependence of the free energy of 
hydration on the spatial distribution of hydrophilic groups in the DNA-SWCNT hybrid.   
In this way, the aqueous two phase process is at the same time a technique for separation 
and a method by which to evaluate and rank hydration or solvation free energy. We found 
that (CCA)10 on (6,5) SWCNT requires much higher amount of modulant to be moved 
from the relatively hydrophilic phase to the more hydrophilic phase as compared to 
(GT)15 on (6,5) even though they are both 30mers, suggesting that the solvation energy 
depends greatly on the DNA sequence composition. We also found that various 
sequences with same length but different repeating units of two bases exhibit different 
hydration energies on the same SWCNT (6,5). 
 
7.3. DNA base dimers are stabilized by hydrogen bonding interactions 
including non-Watson-Crick pairing near graphite surfaces 
 
We find that base pairs in bulk water are stabilized by stacking interactions as expected. 
The order of stability in bulk liquid is found to be (Gua-Gua > Ade-Gua > Ade-Ade > 
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Gua-Thy > Gua-Cyt > Ade-Thy > Ade-Cyt > Thy-Thy > Cyt-Thy > Cyt-Cyt). Hydrogen 
bonding interactions are not observed in any of these cases, indicating that stacking 
interactions are much stronger than hydrogen bonding interactions under these 
conditions. In case of base pairs adsorbed on a graphite surface (strong base-surface 
stacking due to π−π interactions), because the propensity of bases to stack is satisfied by 
their adsorption onto the surface, dimer stabilization is dominated by hydrogen bonding 
interactions. The order of strength for hydrogen bonding interactions is (Gua-Cyt > Ade-
Gua > Ade-Thy > Ade-Ade > Cyt-Thy > Gua-Gua > Cyt-Cyt > Ade-Cyt > Thy-Thy > 
Gua-Thy). Several non-Watson-Crick base pairings, that are commonly ignored, have 
similar stabilization free energies due to inter-base hydrogen bonding as Watson-Crick 
pairs. This clearly highlights the importance of non-Watson-Crick base pairing in the 
development of secondary structures of oligonucleotides near surfaces. 
 
7.4. Energetic Basis of Single Wall Carbon Nanotube Enantiomer 
Recognition by Single Stranded DNA   
 
DNA assisted separation by handedness of SWCNTs requires that a given single stranded 
DNA sequence adopt different structures on the two SWCNT enantiomers.  We studied 
the physical basis of such selectivity using a coarse grained model to compute the 
energetics of ssDNA wrapped around an SWCNT.  Our model suggests that difference by 
handedness of the SWCNT requires spontaneous twist of the ssDNA backbone.  We also 
show that differences depend sensitively on the choice of DNA sequence. 
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7.5. Molecular Dynamics simulations of closely related DNA sequences on 
closely related carbon nanotubes 
 
In order to develop a structural basis for previous experimental findings which 
found differences in SWCNT-DNA hybrids based on both sequence and chirality, we 
employed molecular dynamics to investigate a few of the ssDNA/CNT combinations. We 
were able to find differences but since the repeat simulations did not show the same 
result, it is not possible to draw any conclusions from this work. Further investigation is 
required for this. 
 
7.6. Future work 
 
In chapter 2, we studied binding affinity for recognition sequences on their partner and 
non-partner chiralities. It may be useful to study a larger library of DNA sequences and 
SWCNT chiralities to better understand the correlation between recognition and binding 
affinity. Another important study that could be carries out is equilibrium state exchange 
between DNA wrapped SWCNTs and surfactant wrapped SWCNTs. This can yield 
equilibrium free energy of displacement of the DNA from the SWCNT surface. Analysis 
of molecular dynamics simulations may help understand why the binding affinity as a 
function of length of DNA sequence is periodic with period of two bases. 
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In chapter 4, the preliminary findings are very promising and suggest that the aqueous 
two phase system can be used as an effective method to evaluate and possibly rank the 
solvation free energy of various DNA sequence - SWCNT chirality combinations. Various 
sequences in the four dimensional sequence space from say (AT)15 to (AC)15 can be studied 
systematically. Additionally, the four 30mer homopolymers can also be compared to the 
sequences studied in this work. Additionally, similar studies can be conducted on various 
SWCNT chiralities and enantiomers also.    
 
The model developed in chapter 5 may be further expanded to Monte-Carlo or 
molecular dynamics simulations to sample the possible configurations of the DNA-
SWCNT hybrid more effectively.  
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